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The Fourth Meeting of the Second Half of the 67th Session of the Royal 
Aeronautical Society was held at the Royal Society of Arts on Thursday, February 
11th, 1932, Major Barlow, Member of Council, presiding. 

The CuHairMaAN : His first duty was to apologise for the absence of the President, 
Mr. Fairey, who, as had been announced at the previous meeting, was down with 
influenza and had now been ordered away for a few days’ rest. Apologies were 
also received from several people, including the Past-President, Vice-Presidents, 
and also from Mr. Wallis, who had sent a special telegram saying that owing to 
illness he could not be present. 


The subject of the paper that evening was one of the most important for a 
Society such as the Royal Aeronautical Society, which had not only very many 
scientists but also many practical engineers as members. The work which had 
been done by Mr. Gerard was on the mechanical testing of components. That 
formed a link between theory and practice, and as such had received great support 
not only from the scientific members of the industry, but also from the practical 
people, and therefore, speaking more or less for himself at the moment, he could 
say that those associated with the aircraft industry welcomed the paper. Mr. 
Gerard was well fitted for reading such a paper. He was trained in Yorkshire 
and served as chief designer to Messrs. Clegg at Leeds, and since 1914 had been 
at the R.A.E. During that period he had been connected with calculations of 
stresses in aircraft structures and the development of improved methods of testing 
and had himself designed a number of original testing machines all in practical 
use at the present day. Mr. Gerard became an Associate Fellow of the Society 
in 1931 and had also qualified on the structural side by being an Associate Member 
of the Institution of Civil Engineers. 


MECHANICAL TESTS OF AIRCRAFT STRUCTURAL 
COMPONENTS 


BY 
I. J. GERARD, M.Sc., Assoc.M.Inst.C.E., A.F.R.Ae.S. 


Introduction 

Analvses of observations of complete aircraft in service provide all kinds of 
invaluable data for subsequent use in design. As regards the strength of the 
structure, however, the results are usually negative, i.¢c., they indicate the service 
conditions under which the structure does not fail. This leaves a doubt as to 
the factor of safety in hand. 

Deliberate attempts to break an aircraft structure whilst in the air, with 
adequate provision for escape of the pilot by parachute, have been suggested. 
This type of test is not popular owing to the grave risk to personnel and the 
great expense due to the sacrifice of a whole aircraft. 
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The correct interpretation of accidents to aircraft which involve failure of the 
structure in the air is far from easy, partly because the evidence is often largely 
obliterated or confused by subsequent damage by impact with the ground or by 
fire and partly because the actual conditions prior to the failure are sometimes 
merely a matter of conjecture unsupported by any reliable evidence. 

An alternative source of information is the strength testing of sample struc- 
tural components before assembly of the complete aircraft. This type of test 
implies a fairly true and full knowledge of the loading conditions obtaining in 
service and the extent and quality of this knowledge form one of the limiting 
factors of the value of the test. 

Once the externally applied loading conditions obtaining in service are 
assumed for any given structure, that structure may be tested under those condi- 
tions as closely as practical limitations will allow. The loading assumptions may 
also be used to calculate the probable effects of the loading on the structure, 
but this course usually involves a further set of assumptions, the truth of which 
can only be satisfactority ascertained by the results of the actual test. 

We are therefore brought to the conclusion that so far as the strength of 
aircraft structures is concerned, safety in service due to design based on the 
direct determination of factors of safety and safety in the use of methods of 
calculating the strength of aircraft are both dependent on mechanical tests of 
structural components. 

The necessity for maximum strength combined with minimum weight in 
aircraft structures still further increases the importance of mechanical tests in 
this branch of engineering and justifies the use of every known refinement in the 
calculation and in the experimental determination of the strength of each part 
with a view to subsequent careful analysis and comparison of the respective 
results. 

Mechanical tests of structural components may conveniently be divided into 
two classes :— 

(A) Tests to establish general principles for use in design, and 
(B) Tests to determine the strengths of particular components under 
assumed service loading. 

Tests of the first class include research work to determine (1) laws relating 
the ultimate stresses developed in stressed parts with their geometrical propor- 
tions, (2) laws relating the stresses developed in materials with variations in 
manufacturing processes or in conditions of service, (3) the validity of assump- 
tions made in the calculations of stresses in components, and (4) the practicability 
of new methods of testing the strength of components, etc. 

Tests such as these are constantly being made in Mechanical Test Labora- 
tories such as those at the Royal Aircraft Establishment, the National Physical 
Laboratory and various Universities. 

Tests of the second class include tests of nearly all new designs of spars, 
struts, ribs, etc., and should preferably be made at the factory which produced 
the test sample so that the behaviour of the latter whilst under load can con- 
veniently be studied by all those interested in its design and application in service. 

The range of the whole work and its mode of application may perhaps best 
be illustrated by a series of typical examples. The following are chosen from a 
large number which the author has had opportunities of developing at the R.A.E. 
during the last eighteen vears. 


A.1l. Relation between Ultimate Stress and Geometrical Proportions 


Metal spars and struts vary in design from simple solid drawn tubes te 
complex built-up braced girders. Probably the category into which the large 
majority of spars falls, however, is that of the tubular spar built up of a number 
of longitudinally corrugated metal strips. There are three chief ways in which 
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such a spar or strut may tend to fail:—(a) By simple bowing or primary flexure, 
(b) by local wrinkling of the walls or secondary flexure, and (c) by yield of the 
material itself, i.e., longitudinal shortening of the wall apart from that due to 
flexure. 

These three contributory causes of failure usually occur together in varying 
proportions, but in general, simple yielding of the material is conspicuous only 
in spars and struts which have thick walls of relatively soft material. In tests of 
spars made of thin high tensile corrugated strip, local wrinkling almost invariably 
follows general bowing at a later stage. ; 

The strength of spars of this class is therefore largely dependent on the 
maximum compression stress which may be developed in the wall before collapse 
takes place by wrinkling. It has been shown that, other things being equal. 


Crown copyright reserved. 
Fig. 1. 
Strip compression test piece and part of testing jig. 


this stress is dependent on the depth of the corrugations relative to the thickness 
of the strip and that a segment of the cross section of the spar may be varied 
from a circular or any other continuous curve to a corresponding polygonal 
formation with no appreciable variation in maximum stress. In fa every ele- 
ment of whatsoever shape has its equivalent expressed as a given J}:r ch of the 
arc of a circle of given radius and wall thickness. If, therefore, for :ny given 
material, the relationship between the wrinkling stress of such a curved piece of 
strip and the ratio of thickness over radius is known, the ultimate strength of 
all spars composed of elements of this kind (or their equivalents, if known) can 
be calculated with a degree of accuracy approaching that for the strength of a 
solid beam when the mechanical properties of its material are known. The hollow 
spar, however, differs from the solid beam in that increase of apparent stress 
may cause a fairly large variation of EI towards failure of the spar. 

In order to provide these important data a special form of strip compression 
test has been devised which reproduces in a small test piece such as that shown at 
(a) in Fig. 1, the necessary conditions of loading. A two-inch length of strip 
is bent transversely into the arc of a circle of 180° with two flat tangential exten- 


| 
~ 
} 
at 
‘ 
| 


676 I. J. GERARD 


sions at each straight edge one tenth of an inch wide. These extensions are 
engaged in a jig shown at (b) in Fig. 1, which prevents the edges from prema- 
ture buckling but which does not apply appreciable restraint to axial shortening. 
The end faces of the test piece are made flat and parallel to each other. The 
test piece with the edge restraint jig attached is loaded in a compression jig which 
ensures uniform initial seating of the end faces of the test piece on the compres- 
sion platens and thereafter no relative rotation of the test piece and platens. 


Crown copyright reserved. 
Fic. 2. 
Strip compression test piece mounted in 
testing jig. 


The stress corresponding to the load at which collapse takes place has been 
found to be in close agreement with the stress developed in a solid drawn tube 
of corresponding dimensions and material. The general characteristics of failure 
of tubes and of this form of semi-tubular test piece have also been found to be 
similar. 

A semi-circular sectioned test piece mounted in a suitable compression jig, 
with the jig to prevent premature buckling of the otherwise free edges in place, 
is shown in Fig, 2. For making this form of test piece a special bending jig, 
shown in Fig. 3, has been designed to ensure truly cylindrical faces free from 
initial wrinkles or other malformations which would tend to vitiate the results 
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obtained from the tests. A typical curve showing the relation between wrinkling 
stresses and the ratio of radius over thickness is given in Fig. 4. 

Tests of complete spars and of analogous compression samples of the above 
type show a remarkable agreement of the apparent ultimate stresses developed 
and indicate clearly that this form of test is an advance towards a reliable 
criterion of the value of a given material in its application to a given design of 
spar. 


Crown copyright reserved. 
Fic. 3. 
Bending jig for making semi-circular sectioned strip 
compression test pieces. 
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FIG... 4: 
Relation between wrinkling stress and the ratio 
of radius to thickness. 


As intermediates between tests of these semi-circular sectioned compression 
samples and combined end load and bending tests of lengths of the complete spar 
it is frequently found useful, during preliminary design stages, to make com- 
pression tests of short lengths of portions of the spar, such as the flange, and of 
the complete spar section. 
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A.2. Factors Controlling the Mechanical Properties of Materials 


The engineer judges constructional materials chiefly by their mechanical 
properties and cost. The metallurgist, who endeavours to meet the demands of 
the engineer by variation of the chemical composition and thermal and mechani- 
ca! treatments of his materials, also judges the value of any given method of 
production by the resultant mechanical properties and cost. The practical signi- 
ficance of the corrosion of metals and the economics of its prevention are similarly 
assessed (1). A large and important branch of mechanical testing is therefore 
devoted to the correlation of the mechanical properties of constructional materials 
with the various controlling factors which arise during the production of the 
material, during its conversion into the finished component and during its sub- 
sequent service. 
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Crown copyright reserved. 
FIG. 5. 
Typical stress strain curves of strip tension tests. 


Tensile tests yield the most widely used criteria for the selection and accept- 
ance of metals. For aircraft construction the 0.1 per cent. proof stress, i.e., 
the tensile stress at which the plastic extension is 0.1 per cent., is specified for 
the materials of components which have to withstand chiefly static loads in ser- 
vice. It may be regarded as the minimum tensile stress which produces appre- 
ciable permanent set in the material. 

Where compression stresses are applied to components such as spars built 
up of tubes, strip, etc., it is sometimes assumed that the ultimate stress which 
can be developed in the spar is proportional to the o.1 per cent. proof stress of 
the material. Consequently, where tests are made of spars whose material is 
found to have a 0.1 per cent. proof stress in excess of the minimum value specified, 
the allowable stress for purposes of strength calculation is assessed as the 
maximum apparent stress realised in the spar test reduced in the proportion of 
the minimum specification value of the o.1 per cent. proof stress to the actual 
vaiue found from the control tensile test of the material. The semi-circular sec- 
tioned compression test described above (in A.1) appears to be a more accurate 
guide and may replace the o.1 per cent. proof stress determination for this 


purpose although it is unlikely that the tensile test will be replaced as an accept-’ 


ance specification. The o.2 per cent. proof stress and the 0.5 per cent. proof 
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stress are sometimes similarly used. The method of deriving these figures from 
stress-strain curves is illustrated in Fig. 5. 

Curves relating mechanical properties with various controlling factors abound 
in most books on engineering materials, as an example, in Fig. 6 is shown the 
effect of various heat treatments on the o.1 per cent. proof stress and other tensile 
properties of 14 S.W.G. stainless steel sheet, containing approximately 0.1 per 
cent. carbon and 13 per cent. chromium. 

Where components have to withstand cyclic variations of stress the fatigue 
strength of the material may be the chief factor in its selection. This figure is 
sensitive to the action of corrosive media such as salt water spray and tests are 
therefore made to determine the corrosion fatigue strength of materials to be used 
on marine aircraft. The efficacy of methods of corrosion prevention is also 
similarly tested. 


OIL HARDENED AIR HARDENED 
80 
| 

| | | 


TONS PER SQUARE INCH 


STRESS 


° 200 400 600 800 ° 200 400 690 600 


TEMPERING TEMPERATURE DEGREES CENTIGRADE 
Crown copyright reserved. 


Fia. 6. 


Relationship between tensile properties and 
various heat treatments. 


Tests show that some metals may break down under corrosive influence 
after a relatively short period of time when carrying static stresses that would 
otherwise not cause failure. It is immaterial whether these stresses are due to 
externally applied loads or are residual after thermal or mechanical processes 
applied during manufacture. 

The use of many heat treated steels demands, in addition to the tensile test, 
a notched bar test to ensure that the steel is in the required condition after its 
heat treatment. 

In the cases of thin sheet and streamline wires the tensile tests are usually 
supplemented by simple and reverse bend tests respectively to ensure adequate 
ductility and sufficiently high ‘‘ work to fracture ’’ figures. 


A.3. Validity of Strength Calculation Assumptions 


In designing spars for any given aircraft there are certain combinations 
of externally applied loads which are assumed as the criteria of strength. These 
loads are derived from the application of established principles in aircraft design. 
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The resultant bending moments, lateral shear loads and longitudinal compression 
loads may be represented approximately in tests of samples of complete spars 
or of appropriate portions of spars. Such tests of spars determine the actual 
ultimate loads which cause failure of the spar and check the validity of the 
assumptions made in calculating their strength. Divergences between experi- 
mentally determined and calculated ultimate apparent stresses are partly due to 
the incompleteness of the assumptions on which the calculations are based and 
partly to differences between the nominal and actual dimensions of the test spars. 
Corrections may be made for the latter but the former cause provides an exten- 
sive field for further investigation. \s an example, let us take the case of a 


From R. & M. 1462 by permission of H.M.S.O. 
7. 


General view of test of a large wing. 


biplane spar built up of metal strip of the type mentioned above (A.1). In such 
a case it may be convenient to assume that the flexural stiffness of the spar 
(EI) is constant up to a late stage in the test. It has been shown, however, 
that the section of the spar undergoes appreciable deformation as the applied 
loads increase. Consequently the value of the moment of inertia, J, of the spar 
section changes. It has also been shown that the apparent value of the modulus 
of longitudinal extension changes, due to waving or wrinkling, when a longi- 
tudinally corrugated metal strip of commonly used proportions is compressed 
lengthwise. This means a change in the value of E. Tests are therefore made 
first to determine the apparent values of EI for various applied bending 
moments and later to cover the case of combined end load and bending. 

The variation of the apparent value of EI with apparent stress is not 
necessarily the same in the case of a test length of spar and in the case of the 
complete spar as built into a particular aircraft owing to differences of loading 
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conditions and the presence of dissimilar spar fittings to take the loads applied. 
It is therefore sometimes necessary to make tests representing both cases to 
determine the amount of difference existing and to explore the possible causes. 

Tests have shown that it is necessary to take into account deflections due 
to shear as well as those due to bending moment and as, up to the present time, 
no simple method has been evolved for calculating the shear deflection of spars 
of the complicated sections now commonly used in their construction, the appro- 
priate Shear constants are determined by test. 


A.4._ New Methods of Strength Testing 


Continued increase in the size and strength of aircraft components and the 
introduction of systems of construction whose strength, not being sufficiently 
amenable to calculation, may only be satisfactorily determined by actual tests, 
has led to the adoption of new methods in testing. 

The experimental construction of a large multi-spar metal covered wing 
provided a recent occasion for the introduction of new methods of testing wings. 
As it was anticipated that a large number of tests would have to be made on the 
same wing structure, suitably modified between successive tests, the method had 
to be quick in operation and such that damage due to failure would be confined 
to but a small part of the structure. The size and strength of the wing called 
for large loads. It was decided to test the wing in the normal attitude, as this 
would expose the upper surface of the wing to the light and enable inspection 
of the compression members to be made safely during tests from a platform placed 
over the test structure. A general view of the test structure is shown in Fig. 7, 
where it will be seen that the wing is fixed at its root to the vertical member at 
one end and projects over the horizontal member. Load was applied to the wing 
at each junction of a spar and a rib., i.e., at 140 points in all. In order to do 
this a horizontal beam, AB in Fig. 8, capable of being raised by two screw jacks, 
C and D, one at each end, was mounted parallel to and underneath each pair of 
adjacent ribs. From each of these beams was suspended a series of levers giving 
the correct chordal distribution of load, and these levers were connected to the 
wing by means of short horizontal beams, EF and GH, parallel to the spars, and 
by vertical struts, EJ, FK, etc. Suitable means were provided to stabilise the 
lower ends of these loading struts. Between each of the transverse beams and 
their respective jacks near the trailing edge a hydraulic ram, N, was inserted. 
These rams were all fed from a common source, and for the loading case represent- 
ing a C.P. coefficient of 0.25 all the rams were of equal diameter, and, therefore, 
carried equal loads. Longitudinal distribution of load, however, required a 
gradual diminution of load towards the tip of the wing. This requirement was 
met by spacing the screw jacks, C, near the leading edge relatively further from 
the wing towards its tip, leaving the trailing edge jacks, D, and the points of 
suspension, O, of the lever systems aligned parallel to the spars. A general 
arrangement of the whole loading system is shown in Fig. 9. The hydraulic 
rams, one of which is shown in Fig. 10, were made with a clearance of o.oorin. 

In early experiments, during the development of this system of load trans- 
mission at the R.A.E., various oils were at first tried in the cylinders and pipe 
lines. It was found, however, that as the pressure increased a considerable loss 
of pressure resulted between the pump cylinder and the ram cylinder, possibly 
due to the formation of solid structure in the oil, with consequent shear resistance. 
Water was therefore used as the pressure transmitting fluid, but, as prior experi- 
ments had shown that water at the anticipated working pressures would leak 
rapidly past rams with the above clearance, castor oil to a depth of fin. was 
floated on top of the water in each cylinder immediately under the ram. This 
satisfactorily solved the leakage problem, as it was found that heavy loads could 
now be borne by each ram for lengthy periods with negligible leakage. In order 
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to minimise the effects of friction between each ram and cylinder, provision was 
made for the rotary oscillation of each ram during the periods of applying load 
increments. The hydraulic pressure was controlled by means of Bourdon type 
pressure gauges, and deadweight rams of small diameter. These small rams 
were also capable of being rotated in their cylinders. 

It was considered impracticable to make the effective stroke of each ram more 
than 2in., and for deflections of the wing of more than this amount adjustments 
were made by means of the screw jacks. 
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From R. & M. 1462 by permission of H.M.S.O. 
10. 
Hydraulic loading ram. 


In order to measure the deflections, vertical scales, fixed relative to the wing, 
were attached at eighteen different points, as shown in Fig. 11. Vertical move- 
ments of the scales were read by using a Dumpy level mounted some distance 
away from the wing. Extensometers were fitted to each lift strut and to each 
‘* finger ’’ strut. 

In operation the loading gear was first balanced by means of suitable bob 
weights on the various levers and beams and by the application of a suitable 
initial hydraulic pressure under the rams. Further increase of hydraulic pressure 
resulted in a corresponding total load being applied to the wing, the relative 
distribution of loading remaining constant throughout the test. With zero load 
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applied to the wing, i.e., with the weight of the load distributing levers, 
etc., balanced by the rams, and also after each load increment, all scales and 
extensometers were read. The increments of load were applied by increasing 
the hydraulic pressure on the rams. Owing to the shape of the wing, the 
maximum deflection occurs at the tip, and the jacks in this vicinity were therefore 
the first to be adjusted to keep the rams at this place within the prescribed limits 
of stroke. When the maximum load was applied most of the screw jacks had 
been in use, although, of course, the necessary movement of those at the root 
was much less than that of those near the tip. During the application of each 
load increment, i.e., whilst the hydraulic pressure was being increased and whilst 
the jacks were being adjusted, the rams were constantly rotated back and forth. 
It was found that in the early tests the load could be applied at the rate of 
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From Ro & M. 1462 by permission of H.M.S.O, 
FIG... 


End view of test of a large awing. 


20,000lb. per hour, in five increments, including stops for taking readings of all 
the deflection scales and extensometers. This rate was subsequently doubled. 

When fracture finally occurred this was found to be confined to only a small 
portion of the whole test wing, as the yielding of the wing was automatically and 
simultaneously accompanied by a drop in hydraulic pressure on the rams. The 
rate at which load could be taken off the wing was limited to the speed at which 
the screw jacks could be operated. In an emergency some of the water in the 
hydraulic system could also be allowed to run out. Actually the complete unload- 
ing of the test specimen is usually a matter of a few minutes. 

So far as the method of test is concerned, these series of tests have emphasised 
the following of its advantages :— 


(1) The loads applied to the test structure, although large, are always 
under the complete control of the operator. 
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(2) The application and release of loads are quick and safe. 

(3) Any appreciable yield of the test structure results in automatic and 
instantaneous reduction of the load. The loading system is stable, 
so that progression of failure is strictly limited. Total collapse of 
the structure, with consequent uncertainty as to the cause of collapse, 
is therefore impossible. 

(4) The whole of the exterior of the test structure may safely and easily 
be observed throughout the tests. Structures may be tested in 
any attitude to suit the convenience of observations, e.g., wings 
are preferably tested with the compression surface on top. 


(5) There is no appreciable interference of the loading apparatus with 
distortion measurements. 


Crown copyright reserved. 
Fic. 12. 


R.A.E. 100-ton x 100ft. horizontal testing machine. 


(6) The economy in time spent in testing and the convenience of being 
able to release the load quickly so as to observe how much dis- 
tortion is permanent or to effect a repair, combined with confinement 
of the structural failure within small limits, more than counter- 
balance the apparently high initial cost of providing the test 
apparatus. 


A method of testing the strength of aircraft hulls incorporating similar 
advantages has also been devised (2). 


Tests of Spars 


In the conventional tests of a biplane spar a length of spar equal to, say, 
twelve times its depth is mounted in a horizontal testing machine as a concen- 
trically loaded pin-jointed strut with its major axes of cross section vertical and 
the longitudinal axes of the loading pins horizontal. Two equal symmetrically- 
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placed shear loads are applied vertically downwards at points one quarter of the 
length of the spar from each end. The loads are applied in increments, the ratio 
of end compression load to lateral shear load remaining sensibly constant through- 
out the test. Horizontal deflection and twist of the spar is prevented, and 
measurements are taken of the vertical deflection for each increment of load. 


The apparent maximum stress developed in the spar, i.e., in the top skin at 
mid-length of the spar, may be estimated as the sum of the direct compression 
stress due to end load and the bending stresses due to lateral shear loads and 
to end load multiplied by the central deflection. Alternatively, the total stress 
due to bending may be calculated, without reference to the spar deflection found 
in the test, as that due to the shear loads multiplied by the factor sin ps sec pa/us 
where p= /(P/EI), P being the end load, s the distance of the point of applica- 
tion of each shear load from the end of the spar and a being half the length of 
the spar. 

There are, of course, many variations of this test to suit the individual require- 
ments of the various cases arising from different types of spars and _ their 
applications. <A test of this kind is shown in Fig. 12. The testing machine, 


designed and installed at the R.A.E., will accommodate test pieces up to 100 feet 
long with easy access at all points along its length. End compression loads up 
to 100 tons may be applied, and provision is made for lateral loads up to 1o tons. 


Another machine, also designed at the R.A.E., suitable for installation at 
aircraft manufacturers’ works is shown in Fig. 13. In this machine, installed 
by the Bristol Aeroplane Company (to whom I am indebted for the loan of the 
photograph) at their works, the maximum end load is 4o tons, the lateral load 
10 tons and the maximum length of test piece 20 feet. 

Complete spars are sometimes tested, as shown in Fig. 14, in order to check 
the effect of the mutual interaction of the bending moments, etc., in the over- 
hang and in each of the bays. 


Monoplane spars are tested either as cantilevers or semi-cantilevers, as the 
case represented requires. Fig. 15 shows an example of the test of a spar which 
has a relatively long overhang. As interest in the strength of this spar was 
chiefly centred near the root of the overhang it was found convenient, in this 
case, to use a single concentrated load instead of a distributed load to represent 
the air reaction. 


| 
PS, 
BiG. 13. 


GERARD 


688 


~ 


‘upds ayajdmoo jo 48a}, fo 


‘VI 


| 
4 
| 
7 
| L / | | 
: | 
| 
| 
| 


MECHANICAL TESTS OF AIRCRAFT STRUCTURAL COMPONENTS 689 


B.2. Tests of Hulls and Monocoque Fuselages 
A method of testing the strength of a complete aircraft hull has been described 
in R. & M. 1398. 


~ 


Crown copyright reserved. 
Figs 


Test of a portion of a cantilever spar. 


Crown copuright reserved. 


Fic. 16. 
Test of a hull frame. 


Tests of individual transverse frames are made as shown in Fig. 16. Like 
so many other aircraft components, the strength of these is not readily calculable 
and, by making tests of sample frames, it has been found possible to eliminate 
weaknesses in design by minor alterations in construction involving negligible 


addition to weight. 
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Fig. 17 shows the test of a portion of monocoque fuselage representing the 
case of side load due to rudder. As the centre of pressure of the rudder is above 
the longitudinal axis of the fuselage, combined shear, bending and torsion are 
applied to the latter, the maximum principal compression stresses which cause 
permanent buckling of the skin and its stiffening members occurring just aft of the 
wing attachments. Tests of this kind reveal what are the apparent stresses which 
cause failure of such structures, and, as by the method of applying the load it 
is possible to arrest failure in its initial stages, repairs may be made quickly 
and cheaply, thus allowing a series of tests to be made on the same structure. 


Crown copyright reserved. 
Fic. 17. 


Combined bending, shear and torsion test of monocoque fuselage. 


Such a series of tests may represent various loading cases, and may include 
investigation of the effects of a number of modifications to the structure. In 
this way a large amount of useful design data, unobtainable by calculation alone, 
may be found with relatively low expenditure of time and money. 


The author is indebted to the Air Ministry for permission to read this lecture, 
and accepts all responsibility for opinions expressed or implied. 


DiscUSSION 


Tue CuarrMan: It would be generally agreed that the paper disclosed much 
information which would be of great use to the technical and drawing office staffs 
of aircraft constructors. It reflected great credit on the author’s research work, 
especially in regard to its application to the solution of the many problems con- 
nected with the strength of aircraft. There were one or two points which, perhaps, 
the author at a later stage might be able to amplify, because they could not be 
replied to in a few words. For instance, he would like more information on the 
question of fatigue stress. That was most important in regard to present-day 
metal structures and in itself warranted quite an extensive programme of research 
in the department to which the author belonged. Another question which had 
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been mentioned by the author was the difficulties experienced with stainless steel 
strip, which did not seem to be the ideal material which had been hoped it would 
be, although it must be realised that there was no weight addition by reason of 
the absence of protective treatment, and so should not be compared gauge for 
gauge with ordinary high tensile steel strip. 

Mr. M. LanGury (Member of Council): Mechanical testing was the essential 
link between theory and practice. In the early days of metal construction the link 
was missing. The freedom from failure of the vast number of metal machines 
which had taken the air in the last few years. illustrated the efficiency with which 
the work of the author and the R.A.E, Mechanical Test Department had been 
carried out. 

There were a few small points which he would like amplified, if possible. 
Mention had been made of the effect of corrosion on the fatigue limits of certain 
metals and he woukl be glad if the author could say which metals amongst the 
wide range of steels and light alloys were most subject to troubles of this kind. 

The author had also mentioned the ratio of thickness to radius in corrugations 
and its effect on the developable stress. In a corrugated spar there were possibly 
many different radii, each with an influence on its neighbours. Had the author’s 
tests led him to think that it was possible to estimate empirically the total effect 
of different associations of radii on the spar strength ? 

The author had been modest in not mentioning many aspects of mechanical 
testing which had played a very important part in the development of metal 
aircraft, and he asked if any information could be given on the subject of rib 
testing and in particular of the vibration testing of ribs. His own experience had 
seemed to show that it was often difficult to reconcile the requirements of both 
static and vibration tests in one and the same rib, particularly at the cross-bracing 
connections. Could the author, out of his wide experience of rib testing, give any 
help to designers in evolving more satisfactory ribs? 

Major Wy ir: He expressed his appreciation not only of the very excellent 
paper, but also of the great contribution which had been made by the author to 
the science of mechanical testing. From observations which he had been privileged 
to make of the author’s testing, it was obvious that he was not merely out to 
smash something as some people seemed to assume, but his object was really to 
gain useful information, and he himself had received much useful information 
from the tests which the author had carried out. The wing-testing machine which 
the author had designed had, in particular, made available very much _ useful 
information which it would otherwise have been impossible to obtain. Not only 
was the structure of the wing exposed to view, but the loading could be stopped 
at the first sign of failure. The matter had been so fully dealt with by the author 
that there was little to add with regard to it. 

There was one matter on which he would like to make some comment and 
that was the testing of thin strip spars, which presented something: of a problem. 
As the author had pointed out, the value of E/ as determined from tests was found 
to vary with the amount of loading and also with the kind of loading. ‘The present 
practice was to load the specimen at two intermediate points in its length, and as 
the loads on these two intermediate points must be more concentrated than the 
loads imposed in the actual wing by the ribs, special reinforcement was necessary 
at these points and that reinforcement undoubtedly affected the behaviour of the 
spar, if it was of very thin metal. Another consideration was that the distance 
betv . the points of application of the loads was greater than the distance 
bet..een ihe ribs and the spar was thus liable to suffer from a lack of support. 
He had suggested that spars should be tested by loads applied in exactly the same 
manner as they were applied in the actual wing, and he had recently been working 
on a test in which the loads were applied to the spar test-piece by actual rib 
fittings. Another difficulty in the present method of testing spars was that the 
length tested was usually representative of the distance between the points of 
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contraflexure, and since this was less than the distance between the struts, the 
shear was less than occurred in the actual spar when the appropriate bending 
moment had been applied. These difliculties were overcome by loading the test 
specimen in the same way as the spar in the wing was loaded. 

lor instance, the transverse loads might be applied by rib attachments at rib 
spacings and the length of the specimen might be equal to the distance between 
gap struts, while end moments equal to the fixing moments at the struts might be 
applied conveniently by the end thrust acting at suitable offsets. 

Though such exact correspondence would be a good way to test the strength 
of the spar in one bay under one condition of loading if the end moments were 
truly enough known, it would not yield information in a sufficiently detailed form. 
The test to which he referred above aimed at detailed information and was designed 
to determine the strength and rigidity characteristic of the spar both in regard 
to flexure and shear; that is, it sought figures for failing stress and values ot 
EI and r which could be used to calculate the strength of the spar under the 
conditions of loading which existed in the wing. The length of spar used could 
suitably be about sixteen times the spar depth and the ends of the specimen were 
reinforced in the same manner as was satisfactory at the most highly stressed 
strut point of the spar, and this enabled the end moments suitable for the test to 
be withstood without local failure. Though it was desirable that the transverse 
load should be applied at approximately rib spacing, the load applied at each 
fitting could safely be considerably greater than that applied by each rib, so that 
the necessary shear load could be applied to a relatively short specimen. 

The method of the test was to balance the transverse load by the offset and 
thrust so as to make the bending moment at the centre equal to that at the ends, 
under which condition the shear deflection was zero and the EI could then be 
directly and readily calculated. Secondly, the transverse load was increased to a 
value determined by the methods of calculation given in the Air Ministry book of 
instruction 970, such that flexural deflection was zero. The observed deflection 
due to this combination of loading was due to shear only and from it the value of 
y was directly and readily calculated. These observations were ‘made at stresses 
up to about 80 per cent. of the maximum safe stress. Thirdly, a_ sufficient 
transverse load was applied to prove that the shear strength was adequate, the 
flexural stress being kept within safe limits by suitable end moments. Finally, 
the specimen was moved so that the end load was applied axially, and was loaded 
by successive increments of P and TI” until failure occurred. The already deter- 
mined values of r were used to calculate the value of ET up to the stress at which 
the specimen failed. 

By means of these tests it was practicable to determine almost all the necessary 
properties of a usual spar section of a given thickness by means of one specimen. 
Additional information as to the strength of the spar for different combinations 
of thrust and bending could readily be determined by crushing tests on short 
specimens eccentrically loaded to different degrees. 

The importance of loading a spar of thin metal in the same way in test as in 
actual use was illustrated by a series of tests made some time ago on a longi- 
tudinally corrugated strip spar. Shear deflection determinations were made on 
a long length of this spar by the usual method, using one or two concentrated 
loads applied by improvised fittings and the shear deflection thus determined was 
found to be about 15 per cent. of that due to flexure. 

In the aeroplane the rib attachments are so constructed that the application 
of load tends to deepen the spar and a second series of tests using these fittings 
for load application gave the shear contribution to deflection as a negative 
quantity. 

The reason for this difference is that in the first series of tests the spar 
became shallower and the FI less, whereas in the second series the spar became 
slightly deeper and the increase in EI just offset the shear. 


vy 
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Mr. D. H. Emsy: The author stated in the paper that tests of complete 
spars and of analogous compression samples of the component parts of spars have 
shown agreement as regards the apparent stress developed. Had any tests been 
carried out on compression samples in high tensile steel to determine whether the 
variation in the .1 per cent. proof stress of the material affected the apparent 
ultimate stress developed, and if so, what was the result with, say, a variation of 
10 tons per square inch in the proof stress, i.e., from 65 to 75 tons per square 
inch? His firm had been using a non-corrosive martensitic steel for corrugated 
spars and it seems to be difficult to control the proof stress except between limits 
such as the one he had mentioned, namely, 10 tons per square inch. 

In another part of the paper the author stated that tests had shown that 
some metals might break down under corrosive influences when carrying: static 
stresses. He hunself had had a corrosion test carried out recently on a piece of 
a spar made out of D.T.D.46, which was cut from a test specimen which had been 
tested to destruction. The piece of the spar was cut from the centre of the 
specimen where it had failed. After about forty days’ exposure, wet and dry, 
to sea-water corrosion, the material split in places where there was no fracture to 
start with, although obviously it had been strained. Was there any information 
available as to whether this result was peculiar to this quality of stainless steel 
and was it considered likely that this splitting might take place under the normal 
strain imposed on spars of aircraft operating as a seaplane and subject to sea-air 
corrosion ? 

Another point was the one which Major Wylie had dealt with at some length, 
namely, the variation in the values of E/ under various applied bending moments. 
He would like to know more about this variation in ET because with the present 
method of testing spars it was common to neglect any such variation and it 
seemed to him rather a new departure to introduce this factor for the determination 
of agreed stresses in test specimens. 

Mr. (Fairey Aviation Co, Ltd.) : Everybody in the industry 
admired the author’s well-equipped laboratory and also the ingenuity with which 
the staff at that laboratory coped with modern engineering testing requirements. 
The author had mentioned the importance to the engineer of watching aircraft 
components under test, and that was especially important in the case of com- 
ponents built up from corrugated materials because calculations were only available 
up to a point. The strength of a specimen was usually determined by the stress 
when secondary flexure sets in, leading to failure, but it was impossible to calculate 
that secondary flexure and it could only be guarded against by observation in 
actual practice. It would have been interesting if the author had given a com- 
parison between British and Continental load factors in this connection, although 
perhaps it might be a little outside the scope of the paper. In England it was 
customary to base a spar on calculations and in case of uncertainty on mechanical 
tests. On the other hand, the I.C.A.N. system with Continental aircraft was to 
determine the strength by mechanical tests. The factors for English aircraft 
were based on experience. It was known that certain load factors were required 
for certain requirements, but when it came to selling aircraft abroad it was found 
that the factors with the English aircraft were usually only just half those of the 
I.C.A.N. aircraft. It would be interesting to know from the author, who had had 
experience on the matter, how it was that aircraft which presumably had the same 
strength, as they performed equal tasks, should, when based partially on calcula- 
tions and partially on mechanical tests, compare so unfavourably with machines 
which were completely tested mechanically. 

Dr. LacumMann (Handley Page Ltd.): He was particularly interested in the 
testing of small pieces and suggested that the system described by the author 
could be extended to investigate the critical compression and shearing stress in 
the curved panels of a monocoque fuselage. In that way it should be possible 
to arrive at coeflicients for determining maximum permissible stresses in curved 
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panels, subjected to compression or shear dependent on the ratio thickness over 
the radius of curvature and of E. Another point which had already been men- 
tioned by the Chairman was the question of fatigue. Very little seemed to have 
been done in this respect in this country, but the D.V.L. in Germany had recently 
completed a series of tests whereby complete aircraft structures were subjected to 
vibration tests, and the rather alarming results of these tests were that the fatigue 
stress of the complete structure was only a percentage of the fatigue stress of the 
actual material. This question should be gone into and definite rules determined 
giving some minimum limits of fatigue stress of the complete structure, and at 
the same time giving’ definite rules relating to the methods of testing. As regards 
the reduction of EJ in bending tests, a similar behaviour is noticed in torsion tests ; 
for example, in the case of monocoque fuselages or metal-covered wings, and 
the decrease in EI] is attributed to deformation, especially waving. The stiffness 
is gradually reduced as the stresses increase by a reduction factor, which is 1 for 
small loads and decreases proportional to the stresses developed. 


Mr. (Bristol Aeroplane Co.) : Referring to the author’s comments 
as to the practical impossibility of breaking aircraft structures in the air, because 
of the danger to the pilot and the cost in the loss of the machine, he said that of 
course the danger to the personnel could not be contemplated, but in the matter 
of cost of the aircraft so lost, he doubted whether the cost would be any greater 
than a series of tests in the laboratory, since in neither case could the aircraft be 
used again (at least it was not usual to repair and recommission an aircraft after 
a complete set of destruction tests), and although the engine and other parts would 
be destroyed, these could be of types approaching the obsolete stage. Only one 
flight destruction test would be possible, but that one test would yield an accurate 
failing force in terms of the acceleration, and such a result might be more useful 
than all the sand-loading tests on a machine in which the loads were applied so 
very slowly. That was why he raised the point, although he realised that flight 
destruction tests were out of the question. The point was that in the sand-loading 
tests the yield point of the material was in most cases the criterion of strength, 
and he was convinced that a stainless steel structure would be placed under a 
real and unfair disadvantage when tested under the usual conditions. The metals 
used in the structure of aircraft, creep when stressed to the yield point. This 
was particularly so in the case of stainless steels, such creep often setting in 
before the .1 per cent. plastic extension or proof stress was reached. If the loads 
could be applied as rapidly as in the case of a ‘* pull out *’ for instance, where the 
worst was over in perhaps one-fifth of a second, no serious deformation of the 
structure would occur, even if the induced stresses were beyond the vield. This 
was admittedly an old question and was of not much consequence, perhaps, with 
the older types of materials, but was of first importance with the more desirable 
tvpes of stainless steels. Simultaneous accelerometer and strain measurements 
made in flight should be considered in this connection. 


Referring to the author’s test specimen, he asked why the length for deter- 
mining the behaviour of a curved surface was fixed at 2in., because in a spar, 
where that particular curve was used, the dimensions of the lobes or waves formed 
might be much more than 2in., so that it was not easy to see that tests on a 2in. 
specimen would give correct design data, 


As to the large wing, when the large metal-covered wing was first suggested, 
the testing difficulty was considerable. Mr. Gerard was consulted and all the 
difficulties quickly disappeared. After three vears’ use of the author’s machine 
he had not found a single snag and everything had worked completely smoothly, 
which he considered was a great achievement. The Bristol Aeroplane Co. were 
very much indebted to the Director of Scientific Research for giving his support 
to the acquisition of that machine, and it was hoped that the very satisfactory 
results which had been obtained with the apparatus, which incidentally was the 
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property of the Air Ministry, would before long find use in aircraft design and 
manufacture. 

The author himself had pointed out that the cost of the apparatus was high, 
and so it was, but if by its use a structure was obtained which was light, rigid, 
and safe, and therefore correct, no hazardous flights or expensive alterations being 
necessary afterwards, surely its use was justified; particularly so if the results 
are such that structures of a similar nature can be accepted without further static 
tests—that is to say, if the mathematical stressing theory of the wing is vindicated 
by its use., 

Only one of Mr, Gerard’s remarks on this method of test needed criticism 
(and that related to his statement that total collapse of the structure with subse- 
quent uncertainty as to the cause of collapse is impossible). That was not so; 
if a tension member failed in the shear bracing of the most heavily loaded spar, 
then the load from that spar was thrown nearly instantaneously from girder to 
girder across the wing, the effect being aggravated by the amount of energy stored 
in the structure (an aspect of testing that he wished he had heard more about). 
The answer to that was to ensure that tha tension members (particularly the end 
connections) carried a reserve of strength in excess of the other members for their 
worst case in flight. With this safeguard, data could be obtained regarding the 
slow vielding of members that was impossible of attainment in any other way. 

It had always been his view that a test improperly conceived or carried out 
was worse than no test at all, because of the misleading data so obtained, but 
there was no need to have unsatisfactory tests while members of M.T. Dept., 
R.A.E., with all their experience, are at hand for consultation. 

Mr. Doveias (Royal Aircraft Establishment) : Referring to the measure- 
ment of loads on wires in flight, mentioned by Mr. Manning, he said that little 
advance had been made since the early days. In so far as the measurement of 
maximum loads was concerned, a little work had been done by means of ball 
impressions on steel and other metals. If they confined themselves to wire it would 
be of limited use, since a complete solution would necessitate a knowledge of 
the strains in a large number of members. Difficulties would be encountered 
unless a specially designed structure was used, because it would be necessary 
to know the end load, the shear and the bending moment in a spar if the stresses 
were to be completely analysed. Unless a completely pin-jointed structure was 
used, a large number of measurements would have to be carried out—each of 
which would be very difficult—and some form of recording extensometer would 
be necessary. A convenient form of recording instrument, however, had not 
been available until recently. The D.V.L. method of scratching on glass gives 
some promise of success, but otherwise electrical methods are necessary, involving 
the use of an oscillograph, or something of that nature, which is not convenient 
for use on board an aircraft. Probably in the next few years some advance would 
be made in that direction. 

Not many fatigue tests on spars had been made by the Air Ministry, but 
some years ago fatigue tests were carried out on duralumin spars to obtain 
fractures. The results were, however, qualitative rather than quantitative. 
Recent results of fatigue tests on spars have been reported by the D.V.L. They 
stated that they had obtained failure at stresses which were apparently lower than 
would be expected from considerations of fatigue strength of the material alone. 
Possibly the apparent fall in EJ of the spar under load might be concerned 
with the interpretation of the results, and it would be interesting to study this 
when the D.V.L. results were fully analysed and explained. 

The effect of the rate of load in testing, mentioned by Mr. Pollard, was a 
very old question. It used to come up at intervals in connection with testing 
wood structures because it was known there was a considerable time factor 
in timber which was most marked during the first few seconds. It must be 
remembered that the average strength test on a complete structure must be a 
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compromise. A good deal of the load distribution was guess work. It was not, 
for example, the practice to redistribute the load to correct for the distortion 
which occurred during the loading. In general, for a timber structure, the give 
and take was about equal. What the timber lost in duration of loading was 
possibly made up by the fact that inertia effects were avoided which might increase 
the loading slightly, or even considerably. Mr. Pollard was quite justified in 
claiming that stainless steel would be at a slight disadvantage compared with 
ordinary steel, since there was introduced the additional factor of possible creep, 
when the limit of proportionality in the material had been considerably exceeded. 


At the present time it was not possible to load a complete structure very 
quickly. Mr. Pollard was using test apparatus for a big wing which allowed 
of fairly rapid load application. If an endeavour is made to load a structure 
quickly, care must be taken that the kinetic energy stored in the moving load 
did not induce stresses greater than would be obtained with an air load. 


Mr. W. S. Farren (Engineering Laboratory, Cambridge) (Communicated) : 
The matters Mr. Gerard deals with go to the root of the structural design of 
aircraft, and in connection particularly with those he classifies under heading (A) 
(The establishment of general principles for use in design), problems of real 
difficulty have arisen. These problems are in part purely technical—e.g., there 
are certain essential factors governing the elastic properties and ultimate strength 
of members built of thin steel about which our knowledge is not sufficiently 
precise. There are other problems of a wider nature, arising from the need for 
a relatively simple method of specifying material—in particular, is there any 
direct relation between the tensile properties of thin sheet material and the 
characteristics of beams and struts made from them? Aircraft design proceeds 
empirically in the face of such difficulties, and it cannot be doubted that the 
existing state of the art is one of which those most concerned have every reason 
to be proud. He used the word “ art ’’ deliberately, for he was convinced that 
it is more an art than a science. ‘This is very far from being a criticism, but it 
does indicate the direction in which research is needed. 

Some of the work to which Mr. Gerard refers under headings A1, Az and A3 
has been undertaken at the suggestion of the A.R.C. Although he was not 
expressly empowered to state its views, he would like, as Chairman of the 
Structure Sub-Committee, where the work is discussed, to take this opportunity 
of acknowledging the co-operation of the industry in supplying samples of 
representative spars for test. The work is not yet far enough advanced for any 
conclusions to be drawn, but the results reached make it clear that the problem 
is far from simple. When a more definite stage has been reached it is the Sub- 
Committee’s intention to invite the further co-operation of the industry in discuss- 
ing extensions of the programme. 

Squadron-Leader S. N. Cote (communicated): Referring to the machine 
shown on the second lantern slide, it would be of. interest, could Mr. Gerard 
state the degree of accuracy obtained in production of the half section specimen 
of a tubular spar, as against the limits of error permissible in a completed spar 
of similar sectional dimensions. 

Might he recall a series of aircraft tests arranged in connection with the 
Accidents Investigation Department some years ago? 

The four main planes and the tail plane were fitted with a number of tubes, 
the ends of which were brought flush with the plane coverings at various points, 
on the one side, whilst the opposite ends were connected to pressure gauges fitted 
in the cockpit. 

By this means, loads at those points chosen—as well as total loading on 
the wings and tail plane, could be calculated from readings registered during the 
various evolutions carried out in actual flight. 
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Mr. J. D. Norru (Messrs. Boulton and Paul): Mr. Gerard devotes a con- 
siderable portion of his observations to a description of a very interesting series 
of tests which has heen carried out on thin metal spars in an attempt to place 
spar testing on a more logical basis, and he was glad to notice that he draws 
attention to the influence of spar fittings, since one may conclude that the influence 
of a reinforcing piece provided to enable concentrated shear loads to be applied 
to spars may equally give rise to misleading results. Spar testing, in his idea, 
should properly allow of the application of external shear forces through the 
types of connection which are normally designed to carry them on the aeroplane, 
and, in consequence, the shear loads must be of the same order of magnitude as 
those for which the attachments are designed. In order to carry this out effec- 
tively, a two-point loading is seldom practicable as a representation of the forces 
applied by the ribs to the spars. 

As to the experiments on the relation between the mechanical properties of 
the materials and the probable stress developed in structural members made from 
them, it is most important to be able to make allowances for such variables. At 
the present time he felt fairly certain that the stress which may be developed in 
different spars of the same geometry is not necessarily proportional to the proof 
stress. Numbers of tests on families will, he thought, throw more light on this 
point. 

They had had experience of small variations in the proof stress showing 
substantial variations in the developed stress, and others in which large variations 
in the proof stress showed negligible differences in the stress developed; all in 
cases which are not to be explained away by any over-riding consideration of 
elastic instability masking results. 

The development of the technique which is so well illustrated in Mr. Gerard’s 
lecture is an important contribution towards the improvement in aircraft design. 


Mr. Josepu S. NEWELL* (communicated): Mr. Gerard’s excellent paper is 
of especial interest to many in the United States who are concerned with the 
testing of aircraft materials, since it indicates that, although their practices vary 
in detail, their testing methods and points of view are essentially identical. They 
both appear to attempt rational theoretical analyses of structures and use 
mechanical tests later to demonstrate the strength of the structures themselves 
as well as to check the validity of theories and assumptions made in their design. 

The desirability of developing a system of levers and jacks for the testing 
of wings and similar structures has frequently been discussed, but so far as is 
known to the writer no such elaborate system has been used in the United States 
as that described by Mr. Gerard. Its virtues are apparent and the fact that such 
a system has been developed and used with such marked success is extremely 
interesting, particularly since the method permits close observation of, and ready 
access to, the compression chords of spars on uncovered test structures, and to 
the compression surface of wings of stressed skin types. Access to the compres- 
sion surface is desirable if strain gauge readings are to be taken during tests, 
an apparently necessary procedure at present and, in all probability, for some 
time to come. 

In going through Mr. Gerard’s paper however, the matter of strain gauge 
studies is noted to have received little attention and one is left in doubt as to 
whether or not such studies are included as a part of routine tests on new types 
of construction. No gauges are obvious in the illustration of the test on a portion 
of a monocoque fuselage although they may have been used. Assuming such 
gauges to be used, what types have given most satisfaction for all-round work? 

In view of the general misconception as to the distribution of stress in such 
structures—in the United States, at least—strain gauge data appear to be of 


* Assoc. Professor of Aeronautical Structural Engineering, Massachusetts Institute of Tech- 
nology, Cambridge, Mass. 
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the utmost importance. ‘They have so far found that stresses in stiffened 
stressed skin structures are unaccountably large near the stiffeners, comparatively 
small in the areas between. They are also finding indications that maximum 
intensities of stress on circular cylinders subjected to shear and bending, evlin- 
ders approximating fuselage structures, occur not at the ends of the diameter 
lving in the plane of bending, but at the ends of diameters making angles of 
30° to 45° to the plane of bending. The presence of stiffeners in the region of 
the 45° diameters appears to establish the most stressed fibres in that vicinity. 
The effective ET] of such cylinders, as computed from curves of observed deflection 
also appears to be considerably below the EI] obtained from the properties of the 
material and the dimensions of the cross section. It is wondered whether or 
not strain gauge data are being obtained in tests such as Mr. Gerard describes 
and if so whether the results noted confirm our somewhat limited observations. 

It is observed that appreciable deformations of strip metal spar sections 
under load have been noted. As a consequence the moment of inertia was found 
to vary and the effective M1 of the spar to differ from the computed. Since it 
is known that stress intensities increase at points where sharp bends or other 
stiffening media occur, with relatively lower stresses at intermediate points, is it 
not probable that the extreme fibre stresses in spar sections of this type may be 
considerably different in magnitude and location from those obtained in a stress 
analysis? Have stress distribution studies been made on such structures, and if 
so, how do observed and computed values compare? Is it not possible that 
variations between actual and theoretical stress distributions due to such causes 
might render dangerous the application of allowable compressive stress data 
obtained from tests on two-inch strips of semi-circular section? It would appear 
that some limit exists for the diameter of specimen in such a test, or the ratio of 
diameter to sheet thickness perhaps, and extrapolation beyond such a point would 
be dangerous. Is it possible to state the limiting diameter for the specimen on 
the basis of present experience? They had found that with certain types of spar 
built up of extruded aluminium alloy sections and aluminium alloy sheet a com- 
pressive test on a specimen whose length equals the depth of the section gives 
a very fair approximation to the stress at failure for an identical spar in a wing 
panel. They have insufficient tests of this sort, however, to establish definite 
relations as to stress or limitations for sizes. Have such limits been determined 
for the two-inch semi-circular specimens? 

One further question as to the methods used to simulate the stiffening of 
ribs in a complete wing when testing metal spars alone. Our practice has 
generally been to provide lateral bracing only at panel points of the drag truss, 
but we have found that the former ribs contribute a considerable lateral bracing 
for the spar. In one case, a spar built of steel tube carried 4.5 load factors 
when tested alone and braced laterally at points where drag struts would occur 
in the actual wing. A similar spar, tested as the rear spar in a complete but 
uncovered wing structure, carried 6.5 factors before failure, an increase of nearly 
50 per cent. Their only conclusion was that the lateral bracing of the former 
ribs sufficed to prevent buckling of the spar between drag struts and they had 
frequently wished to simulate this effect in the testing of single spars. A rigid 
member at each rib point has been found to provide too great a bracing effect. 
Has Mr. Gerard encountered this problem and, if so, has a satisfactory solution 
for it been devised? 

So great a field is covered by Mr. Gerard’s paper that innumerable questions 
could be asked concerning details of procedure for certain of the tests outlined, 
details that are admittedly not within the scope of an engineering paper, but 
which are, nevertheless, of interest to those concerned with testing. The fore- 
going questions cover points in which the writer is particularly interested and 
he would greatly appreciate Mr. Gerard’s observations on them. 
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REPLY TO DISCUSSION 


In reply to the Chairman’s remarks on the need for further information on 
fatigue strength, work was proceeding both at the N.P.L. and at the R.ALE. 
on the fatigue strength of ferrous and non-ferrous materials under normal atmos- 
pheric conditions and under the influence of a corrosive medium. Regarding 
stainless steel strip the property of high corrosion resistance was not necessarily 
offset by inferior mechanical properties since non-corroding steels are now avail- 
able with properties at least as good as those of the usual high tensile steels. 
There was, however, one particular type of non-corroding: steel strip which had 
been used in the manufacture of experimental spars to which reference should be 
made. The mechanical properties of this type of steel in some conditions were 
in certain respects inferior to those of the usual high tensile steels. This point 
was illustrated in Fig. 5, where the left hand curve was characteristic of the 
usual high tensile steel and the right hand curve this particular stainless steel. 
The occurrence of an extremely low limit of proportionality stress was a bad 
feature and would lead to permanent sets at relatively low loads in components 
manufactured from it. The value of the apparent EK for any given stress was 
proportional to the slope of the stress-strain curve at that particular stress and 
it could readily be seen that for this stainless steel the virtual value of Ho was 
considerably reduced at stresses which might reasonably be expected as allowable 
for average spar design. 

Mr. Farren, in his letter, had asked if there were any direct relation between 
the tensile properties of thin sheet materials and the characteristics of beams and 
struts made from them. It appeared from the experience gained at the R.A.E. 
and at the works of aircraft contractors that the relation was dependent upon 
the appropriate form factor. Once the stability characteristics were empirically 
cetermined for a given design of spar or strut the relation between ultimate 
apparent stress developed in the component to the tensile properties of the material 
could be forecast with fair accuracy, but at the present time it was. still felt 
necessary to check by test at each stage in the development of design the effect 
of each change of material and the effect of each variation of type of loading. 

The author would like to join with Mr, Farren in acknowledging indebted- 
ness to various members of the aircraft industry for the supply of sample spars, 
free of cost, for some of the research work which had been undertaken at the 
suggestion of the A.R.C. 

The author would also like to take the opportunity to make it clear that 
much of the work of the Mechanical Test Department, R.A.E., which he had 
described, is conducted under advice from the Aeronautical Research Committee 
and with the co-operation of other departments of the Air Ministry. 

In reply to Mr. Langley’s query regarding the effect of corrosion on the 
fatigue limits of metals, the materials most affected were unprotected light alloys 
and ordinary stecls. 

Referring to the effective strength of the portion of a spar compounded of 
various curvatures, if the relation between the stresses and the ratio of thick- 
ness/radius, as shown in Fig. 4, were known for the material the minimum stress 
at which the spar would fail by wrinkling could be assumed to be that corre- 
sponding to the minimum value of t/r. The association of smaller radii would 
have a stiffening effect and would tend to increase this minimum stress. — Esti- 
mates of the amount of this increase would, however, be dependent on experience 
gained from actual tests of similar combinations. Experiments to elucidate 
further this type of problem were being continued. 

The methods at present employed in testing ribs statically and under vibra- 
tion were due to Messrs. W. D. Douglas and A. W. Clegg. The stiff joints in 
ribs due to the use of continuous flange members and in many cases the occur- 
rence of stiff joints for bracing attachment rendered tests essential for precise 
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determinations of the static and fatigue strength of ribs. The type of loading 
chosen in both cases was arbitrary, but it was found that the tests gave results 
roughly in agreement with those obtained in actual flight. The most out- 
standing difference between static and fatigue tests of ribs was that the latter 
frequently picked out weaknesses due to concentration of stresses due to the 
presence of bolt holes, rivet holes, etc. 

Major Wylie had emphasised the importance of true representation of spar 
fittings and of the method of applying loads through these fittings. The test 
illustrated in Fig, 14 was an attempt to approach this ideal. It was, however, 
considered too expensive for general application and the conventional test illus- 
trated in Fig, 12 (i.e., end load combined with two lateral shear loads) had been 
adopted for more general use as it appeared to yield, in the majority of cases, a 
maximum amount of design data for a given expenditure of time and material. 
Between these two tests came tests (3) such as those described by Major Wylie 
and experiments were at present proceeding to determine the limitations of the 
conventional test with a view to its ultimate improvement. 

The successful use of rib attachments which, instead of merely tending to 
prevent the spar from becoming shallower during loading, actually deepened the 
spar appeared worthy of emulation, 

Mr. D. H. Emby had also raised the question of the relationship between the 
0.1 per cent. tensile proof stress and the ultimate stress which can be developed 
in a spar. To assume that these two stresses were proportional for purposes of 
estimating the probable ultimate stress for a new value of the o.1 per cent. proof 
stress would, in most cases, result in over correction. The variation from simple 
proportion was dependent on the stability of the spar section. Tests were at 
present contemplated which would facilitate the determination of the precise 
relation for all spars built up of longitudinally corrugated strips. 

Kailure of steel due to corrosion accelerated by the presence of stress was 
not confined to stainless steel. It was, however, unlikely to occur in aircraft 
structures as the normal stresses induced in the material were of too low a value 
and precautionary measures were taken by manufacturers to eliminate stresses left 
by processes of manufacture, ¢.g., parts which were cold worked to a consider- 
able extent were subsequently heat treated. 

Under the methods of testing spars which had been in use for a number of 
vears the value of FI had been estimated from the resulting stress-deflection 
curve. Since the value of EI] varied considerably as the spar approached failure 
and since the strength of the complete spar was expressed in terms of EI the 
problem arose as to what value of EJ] could be appropriately assumed. Analyses 
of test results had shown that variations in the choice of this value could result 
in variations in the apparent load factor of as much as 25 per cent. The matter 
was undergoing further investigation. 

Replying to Mr. Hollis Williams, it was pointed out that endeavours were 
constantly being made to extend the range of components, the strength of which 
could be precisely calculated. Methods of calculation were undergoing progres- 
sive refinement and mechanical tests included the measurement of actual loads 
in the various members of the test specimen so that from subsequent careful 
analysis of the respective results it might be possible to estimate more closely the 
ratio of the factor as determined by calculation and that determined by strength 
tests. It was unfortunate that prospective purchasers of aircraft did not always 
realise that the actual numerical values of load factors have no meaning when 
divorced from their method of derivation (4). 

In reply to Dr. Lachmann, some compression and torsion tests had already 
been made on relatively small test pieces representing the curved panels of 
monocoque fuselages and the results of the compression tests were in fair agree- 
ment with the results obtained from tests of complete sections of fuselages and 
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hulls. Torsion tests of cylindrical shells had indicated a reduction of torsional 
stiffness towards failure as had been found by Dr. Lachmann. Vibration tests 
of spars, struts, ribs, streamline wires, etc., had been made in this country, In 
general, they indicated the adverse effect on fatigue strength of concentration of 
stress due to the presence of bolt holes, rivet holes, etc. This was in agreement 
with the findings of the D.V.L. experiments mentioned by Dr. Lachmann (5). 

Mr. Pollard had pointed out that the maximum loads occurring in service 
were frequently of very short duration. It was agreed that the corresponding 
test loads applied for a longer period would indicate a correspondingly lower 
factor for components made of stainless steels of low ‘‘ creep ’’ stress. The 
amount of permanent distortion due to creep would certainly vary with the time 
of application of the load, but it was thought that a large number of short time 
applications would result in the same total distortion as would be obtained from 
a single load application of the same aggregate time. 

The specimen shown in Fig. 1 was of conventional form designed to deter- 
mine the local wrinkling stress of longitudinally corrugated strip with a fixed 
amount of lateral stabilisation. The increased length used in actual construction 
would alter the stabilisation factor and in many cases, according to the geo- 
metrical proportions of the strip and the degree of lateral support offered by 
adjacent strips, etc., the failure by local wrinkling would be preceded by elastic 
waving, the effect of which would have to be determined empirically. 

Referring to the method of testing large wings, the problem of the energy 
stored in the test specimen had always been in evidence. It was true that yield 
of the test specimen produced automatic reduction of the applied Toads, but if 
the rate of this reduction was exceeded by the rate of weakening of the test 
specimen further yield of the latter was bound to progress until the strength of 
the specimen was at least equal to the residual applied load. Fortunately this 
type of failure was the exception rather than the rule and Mr. Pollard had himself 
explained how to guard against its occurrence. The method of applying the load, 
however, ensured that the amount of energy released was confined to what was 
stored in the test specimen as there was no involuntary forward movement of the 
loading mechanism as in the case of dead weight loading, 

In reply to the written discussion and in further reply to the oral discussion, 
on the points raised by Squadron Leader S. N. Cole, no difficulty is experienced 
in forming the semi-circular sectioned compression test pieces to within the limits 
usually allowed in spar manufacture. The operation of making truly cylindrical 
shells is facilitated by the use of the bending jig shown in Fig. 3, but allowance 
has to be made for ‘ spring-back ’’ which varies for different materials. ‘The 
actual cross-sectional area of each test piece is determined from measurements 
made before bending. Stresses in spars are calculated using section constants 
determined from actual measurements of the test specimen. Variations from 
nominal dimensions are therefore taken into account in both cases. 

There is a large and ever increasing accumulation of data regarding the 
distribution of aerodynamic loading on aircraft wings, etc. (6), under conditions 
of steady flight where photo-manometric measurements are possible. Test load 
distributions are founded to a large extent on data of this kind. 

The hydrodynamic loading of seaplane hulls and floats is, however, usually 
of a transient nature, corresponding more closely to the quickly varying aero- 
dynamic loads to which Mr. Pollard had referred. 

Mr. Douglas had already mentioned an instrument (7) which will give a con- 
tinuous record of small distortions with quick response. In conjunction with 
suitable spring-loaded diaphragms such an instrument could be used to record 
rapidly fluctuating pressures of water or air. The instrument could also be used 
to record the distortions of stressed members of an aircraft. 

With reference to Mr. North’s remarks on spar testing, the author agrees 
that the correct representation of all essential features of design and mode of 
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loading, subject, of course, to a reasonable limitation of cost, is desirable. The 
growing recognition of the value of mechanical testing in aircraft design is 
retlected in a tendency to increase test costs in order to realise more closely actual 
service conditions. 

Regarding the relation between material control test figures and the ap- 
parent stress developable in any given structure, it is probable that resort will 
finally have to be made to tests of families of components of the same geometry 
but individually varying in material as suggested by Mr. North. It may be 
expedient, however, first to explore the relation between the properties obtained 
from standard tensile tests of strip material with those obtained from the semi- 
circular sectioned compression tests already described. 

In answer to Professor J. S. Newell, little experience has been gained so far 
in this country in the use of strain gauges on tests of large skin-stressed struc- 
tures such as monocoque fuselages, hulls, and metal cov ered wings. The matter 
has, however, been under consideration for some time and it is hoped to design 
in the near future some strain gauges to meet the special requirements of this 
class of work. Over-all distortions of these large test structures are, however, 
measured, ¢.g., in the particular test of the monocoque fuselage shown in Fig. 
the vertical and horizontal deflections and twists of six transverse frames were 
measured by means of scales, a dumpy level and an alidade. Vertical and 
horizontal dilations and contractions of three of these transverse frames were 
measured by means of dial indicators suitably mounted within the structure and 
read by telescope. One of the chief difficulties to be encountered in making 
skin strain measurements is due to waving of the skin where not adequately rein- 
forced by stiffening members. Although in some cases it might be expedient 
to use a strain gauge such as the Huggenberger tensometer measuring changes 
of a length of tin. or 2in., it is thought that in many cases of test surfaces under 
compression it would be preferable to use a strain gauge measuring the relative 
movement between two points, say toin. or 20in. apart. Where waving occurred 
in this measured length the component strain due to this waving could be 
measured by means of a suitably designed porcupine gauge. The average stress 
due to direct compression could then be estimated as the product of Young’s 
Modulus for the material and the difference between the gross contraction and 
the contraction due to waving. The problem of the distribution of stress in 
sections composed of both stiff and flexible portions could be attacked both by 
this means and by comparing the average apparent stresses carried by the 
elements tested both separately and in conjunction. Owing to the method of 
supporting the root reactions in the tests on the above mentioned monocoque 
fuselage there is no guarantee that the transverse frame at the root of the canti- 
lever remained plane throughout the tests. The distribution of waving occurring 
in the test piece, however, when approaching the failing toad and the forms of 
ultimate failure appeared to indicate a concentration of stress near the points of 
support of the root transverse frame. A reduction in the flexural stiffness was 
evident towards failure confirming Professor Newell's observations. 

With reference to the distribution of stress in metal spar sections of longi- 
tudinally corrugated strin under load, it is agreed that these do not in all cases 
appear to conform to the distribution usually assumed in stress analysis, ¢.g., 
where elastic waving of the flange occurs (as shown in Fig. 15, page 594 of the 
July, 1931 issue of the Journal of the Royal Aeronautical Society). On the other 
hand, it has been found that some spars do not show any visible waving before 
failure and when a strain gauge was fitted to such a spar under test the stress 
calculated by the method given in section B.1 of the paper and the stress calculated 
as the product of the strain and Young’s modulus for the material were in fair 
agreement. The stress estimated from a spar test is therefore always regarded 
as nominal, and strictly speaking applies only to that particular type of spar under 
the particular type of loading used in the test. The 2in. long semi-circular speci- 
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mens have so far been made of radii of from }in. to 1}in. and failures have been 
of the continuous or lobed type of wrinkling (see Fig. 18 ibid.) of piteh much 
less than 2in. It is agreed that extrapolation of a curve such as that shown in 
Fig. 4 would be dangerous as the left-hand end of the curve tends to turn 
towards the origin (recent tests have confirmed this) and the right-hand end of 
the curve is presumably asymptotic to the ‘‘ vield ’’ stress of solid material. 

We have made tests of short sections of spars both in steel and duralumin 
and have also found that these give a fair indication of the failing stress obtained 
in the conventional type of spar test on a long length. These short length tests 
are, however, only used for preliminary design purposes or for supplementing 
the information obtained from the full length test. There is, in certain types of 
spars, elastic instability due to waving (such as that shown in Fig. 16 ibid.) 
which can only be represented in the test of a long length of spar. The results 
of short length tests, including the semi-circular section compression test, are 
therefore always considered with the reservation that other instability factors due 
to increased length, or variation of lateral stabilisation due to adjacent components 
of the spar, will affect appreciably the nominal failing stress in a complete spar. 

With reference to the question of lateral stabilisation of spars due to former 
ribs, although some spars have a modulus of section about the major axis sufficient 
to render unnecessary lateral support other than that due to the drag truss, there 
are a large number of relatively narrow section spars which would fail prematurely 
but for the lateral support of former ribs as in the case quoted by Professor 
Newell. A test of a spar of this kind is shown in Fig. 20 ibid., where a complete 
portion of a wing, less fabric covering, was loaded to represent simultaneously 
the appropriate end loads in the spars and air loads on the ribs. Another method 
which also gives satisfactory results is to test a single spar with a, portion of the 
rib structure built on throughout its length, the lateral support due to the drag 
truss being represented by relatively rigid lateral supports. 
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PROCEEDINGS 
FirTH MEETING, SECOND HALF, 67TH SESSION 


The Fifth Meeting of the Second Half of the 67th Session of the Royal 
Acronautical Society was held in the lecture theatre of the Royal Society of Arts, 
18, John Street, Adelphi, London, W.C.2, on Thursday, February 25th, 1932, 
when a paper on ‘* Catapults and Catapulting of Aeroplanes,’’ by Mr. P. Salmon, 
M.I.M.E., M.1.A.E., was read and discussed. In the absence of the author, 
Mr. J. D. H. Pritchard, B.Sc., Assoc. M.Inst.C.E., read the paper on his behalf. 
The President of the Society (Mr. C. R. Fairey) was in the chair. 

The Prestipent: He expressed reyret that Mr. Salmon was unable to attend, 
but the Society was fortunate in that Mr. Pritchard, who had been concerned 
with Mr. Salmon in catapult work for the past eight years or more, had consented 
to present the paper. 

The problem of catapulting, continued the President, was a very old one, 
for the first aeroplanes were launched by catapults. In the last few years, how- 
ever, it had been developed more intensively than formerly, and the bulk of the 
development work in this country had been done by Mr. Salmon and Mr. 
Pritchard. 

Mr. Salmon was trained originally as an engineer in the workshops of the 
then London, Brighton and South Coast Railway (now the Southern Railway). 
As long ago as 1916 he had joined the Royal Aircraft Factory, where he had 
worked on aero engine design, and where he had been concerned with the 
development of catapults since 1923. Mr. Pritchard had served his apprentice- 
ship with Messrs. Fraser and Chalmers, Ltd., had joined the Royal Aircraft 
Factory even before 1914, and had been concerned with Mr. Salmon in’ the 
development of catapults since 1923. 


CATAPULTS AND CATAPULTING OF AEROPLANES * 
BY 
P. SALMON, M.1.M.E., M.I.A.E. 


The aeroplane launching catapult is a means whereby in a very short distance 
the speed of an aeroplane can be accelerated from rest to that at which it becomes 
‘air borne. 

Fundamentally the aeroplane launching catapult comprises a carriage on 
which is mounted the aeroplane to be launched, a motive plant which causes the 
carriage to travel at an increasing speed along a prepared track or structure and 
a means of arresting the carriage after the aeroplane has attained the necessar; 
flying speed. 

The energy for the motive plant is usually derived from compressed air or 
some form of slow burning powder such as melinite or cordite. 

At the present time the use of the catapult is mainly confined to thx 
launching of fighting aeroplanes from the decks of warships, very little commercial 
use as yet having been found for it. Three or four foreign passenger liners 
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have, however, been equipped with catapults for launching mail carrying aero- 
planes to expedite the delivery of mails between America and Europe. 

When an aeroplane takes off under its own power the length of run required 
to attain the minimum flying speed is dependent on the type, the load, the tractive 
effort supplied by the airscrew, the wind and the surface of the aerodrome in 
the case of a land aeroplane, or the surface ef the sea in the case of a seaplane 
or flying boat. 

Generally speaking, it is possible for an aeroplane to maintain a useful speed 
in flight with less engine power than it requires to take off from an aerodrome 
of limited size or from the surface of the sea. The catapult affords a means of 
getting the aeroplane into the air—probably the safest means known to-day— 
and enabling it to use its full engine power for maintaining flight, a distinct 
advantage in the case of heavily laden long distance aeroplanes where there is 
very little reserve engine power available for taking off. 

The loads imposed on such an aeroplane during the take off under its own 
power cannot be known with any degree of certainty, especially in the case of 
seaplanes or flying boats, as these loads are largely dependent on the skill of 
the pilot. Added to this there is always present the difficulty attendant on such 
a take-off, in any but favourable weather conditions, a difficulty that is avoided 
by the use of the catapult. Moreover, the loads imposed during catapulting can 
be practically determined and allowed for in the design with a certain degree of 
confidence. 

When considering the strength of an aeroplane in relation to the loads im- 
posed on it, some idea is necessary of the operations involved in catapulting. 
Normally the aeroplane is mounted on the launching carriage in such an attitude 
that the wings are at a fairly large angle of incidence. Just before the catapult 
launch is made the aeroplane engine is set running at full speed. The thrust 
of the airscrew tends to drag the aeroplane forward so that provision must be 
made to stop the aeroplane from leaving the carriage and also to prevent any 
tendency to rotation on it. At the same time an adequate restraining force 
must be applied to the carriage if it is not to move forward until the launching 
force is actually applied. The launching force after overcoming the restraining 
force on the carriage is communicated to the aeroplane through the points of 
attachment to the carriage and these points must also be capable of preventing 
any tendency on the part of the aeroplane to rotate due to the application of the 
catapulting force below the centre of gravity. 

As the carriage and aeroplane together gain speed, the air loads on the 
latter increase until finally, at the end of the launching run, the aeroplane is air- 
borne and leaves the carriage. Where possible it is customary to launch the 
aeroplane head into relative wind, the wind speed at the end of the run being 
slightly greater than that required to give a lift at the catapulting incidence equal 
to the weight of the aeroplane. 

Since it may not always be possible to launch head into wind, it is also 
necessary to make provision against any tendency of the aeroplane to rolling or 
yawing on the carriage. The important conditions for design would therefore 
be 

(a) Aeroplane Mounted on Carriage.—The loads acting are those due to 
gravity and the reactions between the aeroplane and the launching 
carriage. 

(v) Aeroplane Mounted on Carriaae with Engine Running.—The loads acting 
are those due to gravity, full static thrust and torque of the airscrew 
and the reactions between the aeroplane and the carriage. 
Commencement of Launch.—The loads acting are those due to gravity, 
the inertia loads of the aeroplane due to its acceleration caused by the 
force applied to the carriage, including airscrew, thrust (and torque) 
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and the reactions between the aeroplane and the carriage, there being 
no lift on the wings. 


(d) End of Launch.—The loads acting are those due to gravity, the inertia 
loads of the aeroplane due to its acceleration caused by the force then 
applied to the carriage and the airscrew, the aerodynamic loads occurriny 
on the aeroplane and the reactions between the aeroplane and the 
carriage. 


When launching head into wind there will be no rolling or yawing moment 
on the aeroplane, but these will arise when the launch is made into a cross wind 
and must be allowed for unless restrictions are placed on launching into cross 
winds. 


At first sight it would appear that a uniform acceleration during the launch 
is desirable, but considerations of the effect on the aeroplane of the loads and 
forces involved during catapulting has led to the conclusion that the greatest 
acceleration should occur very shortly after the commencement of the launch 
when the aerodynamic forces are practically negligible and that the acceleration 
should gradually decrease and become least at the end of the launch when the 
aerodynamic forces are greatest. 


The acceleration that can safely be applied to the aeroplane and the speed 
at which it takes off determine the power required to operate the catapult and 
the length of the run involved. Experience has led to the conclusion that an 
acceleration of between 3 and 4g. (i.e., three or four times that of a body 
falling freely under gravity, which implies a force applied to the aeroplane of 
three or four times its weight) is about the maximum which can be economically 
provided for on the aeroplane structure, although the crew can withstand 
accelerations of 5g. or even more without serious discomfort. This acceleration 
being in a horizontal direction only, the effect is somewhat different from that 
experienced during aerobatics and does not inconvenience the crew. It is, how- 
ever, necessary to ensure that the pilot’s head is adequately supported by a head 
rest of some sort and that the remainder of the crew lean forward with their 
heads between their arms so as to take the accelerating force down the spine, 
resting their hands with arms extended on the cockpit. 

As a result of launching tests carried out in other countries it has been found 
that the effect on the occupants depends not only on the magnitude of the accelera- 
tions but on the time during which such acceleration is sustained and that the 
sensation produced by an acceleration of 5.2g. over a launching period of 0.8 
seconds is no more unpleasant that one of 3g. over a period of 1.5 seconds. 

A typical acceleration curve is shown in the Figure. This gradually decreasing 
acceleration, besides being desirable from the point of view of the aircraft struc- 
ture, is also of course an advantage as far as the crew is concerned as it reduces 
the effect on them as the launch proceeds. 


TYPICAL PRESSURE CURVE 


PRESSURE 


TRAVEL 


Particular attention is necessary in the design and the lay-out of the petrol 
system to ensure that engine failure, due to starvation of the carburettor, does 
not occur during the launching run. 
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In general the petrol supply is carried aft of the carburettor. Due to the 
acceleration, the petrol in the supply pipes tends to surge back and oppose the 
normal petrol head, whether gravity or pressure. If the horizontal length of 
supply pipe is too long, the normal head may be overcome unless a non-return 
valve is fitted at the base of the tank or tanks to prevent the petrol surging back. 

The quantity of petrol in the float chamber must be sufficient to supply the 
engine during the period of acceleration and precautions taken to avoid starving 
the main jet itself, due to the petrol surging in the float chamber and uncovering 
the jet orifice. 

It appears to be the practice of other countries, when catapulting seaplanes, 
to apply the accelerating and the supporting forces through the float chassis, 
whereas in this country it is now usual to apply these forces through the fuselage 
itself, both for seaplanes and Jandplanes. The thrust is applied either on the 
rear spars themselves or at two points on the fuselage in the vicinity of the rear 
spars and the supporting forces on the rear portion of the fuselage. 

This arrangement, besides permitting of lighter construction, has the 
advantage that either seapianes or landplanes may be catapulted from the same 
trolley. 

It offers, however, certain difficulties in designing a suitable iaunching car- 
riage, but these have been successfully overcome. 

The type of launching carriage now in more or less general use in this 
country was first introduced and developed at the Royal Aircraft Establishment, 
Farnborough. 

It consists of a base frame mounted on four wheels running on the top of 
the catapult structure, and prevented from tilting up or lifting by small wheels 
or rollers running inside the channel forming the top member of the structure. 
Upon this truck is mounted a cradle which carries the aeroplane. 

The cradle is capable of being adjusted to suit all aeroplanes usually cata- 
pulted, and is arranged to hold the aeroplane at four points, two in the region 
of the rear spar of the lower plane and the other two about g feet aft of these. 

The forward points take the whole of the thrust given by the catapult and 
the rear ones the vertical reactions due to the centre of gravity and the centre 
of pressure of the aerodynamic loads being considerably above and in front of 
the forward points. 

Since the cradle is adjustable over a considerable range, both transversely 
and longitudinally and in the case of the rear legs vertically as well, the points 
on the aircraft are provided with spherical spools to accommodate the various 
possible inclinations of the legs, the jaws in which the spools are held being also 
made spherical. As the aeroplane leaves the cradle at the end of the launching 
run the front arms fall forward to permit of the tailplane passing over them. At 
the same time the jaws holding the rear points open to release the rear spools. 

The forward arms of the cradle are hinged at their lower ends on the front 
end of the carriage and have jaws at their top ends. The inclined stays which 
transmit the catapulting thrust are hinged at the bottom end on to the rear of 
the truck and also at the upper ends at points close to the jaws. These members 
extend as the forward arms fall forward and are therefore telescopic, use being 
made of this arrangement to bring the forward arms to rest at the end of the fall, 
by making the telescopic members act as hydraulic buffers. 

The jaws at the rear points have weights attached to them and arranged in 
such a way that under the accelerating forces they keep the jaws closed, but 
swing forward to open the jaws when retardation commences. 

When the aircraft is resting in the cradle each of the front legs is prevented 
from falling forward by a bar hinged to the jaw, and having a hole through it at 
the other end which passes over a projecting pin on the fixed portion of the 
telescopic member; also, a bar is pushed up in front of each of the spools to 
prevent the aeroplane from moving forward under the action of the airscrew 
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thrust before the catapulting force is applied. By suitable mechanism these are 
released after the launching carriage has moved forward about five or six feet, 
so that when, at the end of the launching stroke, the carriage is retarded, the 
aeroplane is free to leave and the jaws fall forward. 

The means provided to hold the launching carriage against the thrust of 
the airscrew consists of a spring-loaded hook arranged so as not to release until 
a force of nearly double the pull of the airscrew is applied. 

In the early days of flying, the catapult was used by Professor Langley to 
launch his glider on its epoch-making flight across the Potomac in 1903, and it 
was also used by the Wright Brothers to obtain the necessary initial flying speed 
for the aeroplanes constructed and flown by them in America. 

These early aeroplanes being very lightly loaded did not require a great 
speed to maintain them in flight, so that it was possible to make use of a simple 
form of catapult in which a weight falling under the influence of gravity com- 
municated its motion and speed to the carriage on which the aeroplane rested, 
through the medium of a cable passing over a pulley at the end of the track 
along which the aeroplane travelled. 

What may be termed the power-driven catapult owed its inception to the 
need for greater launching speeds, as the loading on aeroplanes increased, and 
also to the realisation of the utility of the aeroplane for reconnaissance work which 
made it a very necessary addition to the fighting powers of the Navy. 

Without the aid of some such device as the catapult it was practically im- 
possible for an aeroplane to take-off from the deck of a battleship, where space 
is necessarily very restricted, 

The possibilities of the catapult for this purpose seem first to have been fully 
appreciated by the Naval authorities of the United States. In 1911 a naval 
officer, Captain Washington Chambers, designed the first power-operated cata- 
pult. This was built under his supervision at the U.S. Government Ordnance 
Factory. When completed it was erected on a wharf at the Santee Deck at the 
Naval Academy, on the River Severn, on the opposite bank of which was situated 
the Naval Air Detachment. The first attempt at launching was made about 
August, 1912, but was unsuccessful. As a result of the trials modifications were 
made and the catapult afterwards installed on a coal barge at the Washington 
Navy Yard, the run-way being then about two feet clear of the water. The first 
‘successful launch was made on November 12th, 1912, by Lieut. T. C. Ellyson, 
U.S.N. Particulars subsequently published gave the length of run of the 
launching carriage as 3o0ft., the mean acceleration as 2.3g. and the speed of launch 
as 46 m.p.h., i.e., the maximum speed attained at the end of the run, 

The catapult consisted of a steel structure 35 feet Jong, the upper surfaces 
of which formed a run-way for the launching carriage on which the aeroplane 
rested, and a piston or ram forced by means of compressed air along a cylinder 
secured to the structure along its axis. Compressed air was admitted to the 
evlinder through a valve of the balanced type which was opened by a simple 
wedge-shaped cam attached to a cross-head fitted at the outer end of the ram. 
This, it is presumed, was intended to give a gradually increasing pressure behind 
the ram during the initial stages of its travel and so impart to the launching 
carriage a gradually increasing accelerating force. The launching carriage was 
connected to the ram by a system of wire ropes and pulleys by which means also 
the motion of the ram, greatly increased, was communicated to the launching 
carriage. 

Two groups of sheaves, each rotating on a shaft whose axis was transverse 
to the direction of motion, were used. One group was fitted at the back end of 
the cylinder and the other on the cross-head carried on the outer end of the ram 
and moving with it. A wire rope, one end of which was anchored to the frame- 
work, passed around these sheaves, thence to and around the sheave fitted at 
one end of the structure, the free end of the cable being secured to the launching 
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carriage at the other end. As means were not provided for arresting the 
launching carriage when it had reached the end of its run, the connection between 
the wire rope and the carriage was so designed that the latter became disengaged 
and travelled on with the aeroplane from which it dropped away and was after- 
wards recovered, more or less damaged. The accelerating force applied to the 
launching carriage was transmitted to the aeroplane through the float chassis 
and the means provided to prevent any capsizing tendency due to the centre of 
gravity of the aeroplane being above the base of the launching carriage. This, 
in turn, was prevented from tipping up by flanges fitted to it and engaging with 
the flanges formed by the angles of which the track was built and which also 
acted as guides. 

Although this catapult proved successful in launching an aeroplane, various 
defects in the mechanism were revealed during the trials and it was decided to 
design a second catapult in which it was hoped, with the experience gained, these 
defects would be eliminated. 

This second catapult was constructed and trials carried out in 1913. It does 
not, however, appear to have been used to launch an aeroplane and was probably 
fcund defective. 

A third catapult was subsequently designed, constructed and sent to the 
Aeronautic Station at Pensacola, Florida, where it was installed on a coal barge, 
a successful launch being carried out in November, 1914. For a short while 
catapulting formed part of the normal routine of training for pilots, but it was 
found to be so simple that this part of the course was very much curtailed. This 
catapult proved so successful that it was removed from the barge and installed 
on the quarter deck of the U.S.S. ‘* North Carolina ’’ which had been assigned to 
aviation work. Successful launches were made during the fleet manceuvres in 
1y15, first with the vessel running at about six knots and gradually working up 
to regular cruising speed. This catapult, based on the design of the first one, 
consisted of a steel structure about 50 feet long, supported on trusses at suitable 
intervals and permanently secured to the deck. The top members forming the 
run-way were about 4ft. above the deck. The compressed air used to operate 
the catapult was at first stored in a leaky tank improvised at the time, but later 
the supply was taken directly from the torpedo air service at a pressure of 300lb. 
per sq. in. 

As in the case with the first catapult, the launching carriage went overboard 
with the aeroplane and dropped away, being afterwards retrieved in a more or 
less damaged condition by means of a tow line stored on the carriage, one end of 
the line being attached to the ship. Later a buffer was provided at the end of 
the run to absorb the energy of the moving trolley and so retain it on board. 

In 1916 similar catapults were installed on the quarter deck of the armoured 
cruisers ‘‘ Seattle ’’ and ‘‘ Huntington,’’ but the interference with the fire of the 
guns led to its removal from the latter vessel. 

The catapults being permanently fixed to the decks in these three ships 
made it necessary to steer a course which would permit of the aeroplane being 
launched into the relative wind to avoid cross wind effects, a procedure which 
was undesirable and inconvenient when cruising in company with other ships. 
To overcome this disadvantage, the catapult on the U.S.S. ‘‘ Carolina ’’ was 
removed from the quarter deck and mounted on a turret thereby enabling the 
catapult to be trained round and launch the aeroplane head into the relative wind. 

On the entry of the United States into the 1914-1918 war these ships were 
put on convoy duty and the catapults were removed. 

After the Armistice, the need for catapults for the operation of aeroplanes 
from battleships having become evident as a result of the experience gained 
during the war, experiments were resumed with a catapult, similar to the one 
used on the U.S.S. ‘* Carolina,’’? which had been installed on a lighter for the 
purpose of training naval pilots in catapulting. 
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As a result of these experiments, the design was commenced in 1919 of a 
catapult mounted on a turntable to enable it to launch in any direction. This, 
when completed, was first installed in a lighter and tested, the first launch being 
carried out on October 21st, 1921. On completion of the tests it was removed 
from the lighter and installed in a battleship, being used successfully during the 
fleet manoeuvres of 1922. 

By the end of 1925 32 catapults of this type had been installed on various 
battleships and cruisers; one was in use at the Naval Air Station at San Diego 
and one at the Naval Aircraft Factory for training of personnel. 

According to information which has appeared in the American Press, these 
catapults are about soft. Jong and are capable of accelerating an aeroplane from 
rest to a speed of 50 m.p.h., the mean acceleration being about 2$g. To arrest 
the carriage at the end of its travel a deceleration of the order of 20g. is entailed. 

In 1920 the U.S.S. Aircraft Carrier ‘* Langley,’’ which is capable of a speed 
of about 14 knots, was fitted with two compressed air operated catapults designed 
and constructed by the Naval Aircraft Factory at Philadelphia. The run-way of 
the one fitted on the after part of the deck was ryoft. long and that on the 
forward portion 18o0ft. long. These lengths allow of smaller accelerations being 
used than are possible with the ordinary length of catapult. A braking effect 
by air pressure is obtained at the end of the travel of the ‘‘ plough ’’ which is 
connected to the carriage on which the aeroplane rests during the launch. 

About the end of 1921 the use of powder as a propellent in place of com- 
pressed air was suggested by Lieut.-Commander Hamlet, of the U.S. Coast- 
guard. At the request of the Bureau of Aeronautics, in January, 1922, through 
the co-operation of the Bureau of Ordnance, he proceeded with the design of a 
powder impulse catapult. By the beginning of 1924 a catapult had been built at 
the Naval Gun Factory and installed on top of a turret in a battleship. This 
catapult was similar in design to previous catapults. It consisted of a structure 
about 50 feet long and a cylinder in which moved a ram connected to the 
launching carriage through a system of wire ropes and pulleys. The charge was 
fired into a chamber communicating with the ram cylinder through a pipe. The 
launching carriage was arrested by means of hydraulic and spring buffers. The 
speed of the launch was stated to be 60 m.p.h. As a result of these trials it was 
ecnsidered that this type of catapult was superior to the air operated type, and 
the Naval Authorities decided that all future catapults should be of the powder 
impulse type. The principal advantage of the powder type over the compressed 
air type lies in the speed with which a number of aeroplanes may be catapulted. 
When using compressed air it is necessary to re-charge the tanks after each 
launch, an operation which takes a considerable time. By using powder, the 
space and weight of the air compressing machinery is obviated. 

By 1926 another catapult, the ‘* Norden ’’? combination of hydraulic and 
flywheet tvpe, had been developed and installed on the aircraft carriers ‘‘ Loxing- 
ton" and ‘‘ Saratoga,’’? but it is understood that it has not been successfully 
developed. 

It was not until 1916 that any steps were taken in this country to 
develop the catapult. Up to that date aeroplanes operating with the Fleet were 
carried in vessels which had been obtained from the Mercantile Mariae and 
converted for the purpose; these vessels being practically defenceless had to 
operate well in the rear of the Fleet. The seaplanes had to be hoisted overboard 
by a crane and flown off from the water, the carrier having to slow down in 
erder to perform this operation. Even then there was always the diiiculty of 
getting the seaplane off the water and into the air in any but favourab!e weather 
conditions. In 1916 this difficulty was overcome by building a special deck on 
the carrier from which the aeroplane could fly off. This at the same time per- 
mitted the use of land aeroplanes having better performances compared with 
seaplanes. Other devices were later used in 1917, notably the fitting of revolving 
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platforms on the turrets of light cruisers and capital ships from which the aero- 
planes could take-off head into wind without the ship having to alter course, 
use being made of the speed of the ship and the height of the turret above the 
water to gain the necessary speed for flight. 

It was, of course, known that the United States Navy had succeeded in 
launching aeroplanes by means of the catapult, and in July, 1916, a draft speci- 
fication was prepared for the purpose of inviting tenders for the construction 
of a catapult in this country. This specification required that the catapult shouid 
be capable of launching an aeroplane weight of 24 tons at a speed of go ft./sec. 
with an acceleration not exceeding 24g. in a distance of 6o0ft., and that since it 
was intended for use on board ship, it should be as light and compact as possible. 
The operating mechanism and motive power to be employed was left entirely 
open for the contractor. 

Eventually two catapults were fully completed and tested, both of which 
used compressed air for the motive power and more or less followed on the lines 
of the American ones. 

One built by Messrs. Armstrong Whitworth and Co. was installed on board 
H.M.S. ‘* Slinger ’’—a hopper barge, at Newcastle-on-Tyne, and sent to the 
Isle of Grain where the trials were carried out. 

The other, built by Messrs. Wavgood and Otis, was erected in a pit at 
Hendon and there tested in October, 1917- 

Although these catapults were successful in launching aeroplanes they never 
actuaily reached the specified loads or speeds. 

The signing of the Armistice in 1918 put an end for the time being to any 
further experiments. 

In the autumn of 1922 it was decided to proceed with the development of 
catapults and two designs were put in hand. The late R. Falkland Carey, who 
had been responsible for the design of the Waygood Otis catapult, was invited 
by the Air Ministry to undertake the design and superintend the construction 
of a new catapult following the lines of the previous one installed at Hendou. 
The design for the second catapult was undertaken by the Royal Aircraft 
Establishment. 

The Carey type followed the lines of the American catapults in that the 
motion of a ram was communicated to the launching carriage by a series of 
pulleys and wire ropes, but differed from it in the method employed for arresting 
the carriage after it had reached its maximum speed. 

The R.A.E. type of catapult differed entirely from the Carey or any othe: 
type in its actuating mechanism. In this type the wire ropes and pulleys were 
dispensed with. The launching carriage carrying the aeroplane was attached 
to the front ram of a series of telescopic rams, cach surrounded by annular spaces 
filled with fluid, these rams being all pushed forward simultaneously when com- 
pressed air was admitted into the main cylinder and behind the rearmost ram. 

The Carey catapult was built at H.M. Royal Dockyard, Chatham, and in- 
stalled by the summer of 1925 in H.M. cruiser ‘‘ Vindictive.*’? The forward 
guns had been removed from the ship and a hangar capable of housing three 
or four aeroplanes built in front of the bridge, the catapult being installed on the 
top of this hangar. The aeroplanes were hoisted on board by a crane which also 
served to hoist them from the hangar and mount them on the catapult. 

The preliminary trials were completed and the first flight made by Squadron 
L.eader—now Wing Commander—Burling on October 3eth, 1925, in a Fairey 
type of aeroplane with which H.M.S. Vindictive ’? was then 
equipped. On January rst, 1926, she sailed for the China Station on a two vears’ 
commission, during which the catapult was in constant use and proved entirely 
satisfactory, as it did subsequently when, on her return home, she joined the 
Atlantic Fleet. 
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Description of the Carey Catapult 

This catapult was designed to launch aeroplanes, not exceeding 7,o0olb. all 
up weight, at a speed of 45 m.p.h. in a distance of 34 feet, the mean acceleration 
being 2g. 

It uses a system of wire ropes and pulleys in conjunction with a ram 
operated by means of compressed air, and consists of a steel structure, about 
50 feet, long, which carries the actuating mechanism and the reservoir for storing 
the compressed air used for launching, the top members of the structure serving 
as a run-way for the launching carriage. It is mounted on a central pivot allowing 
it to be turned in any direction to launch the aeroplane into the wind. 

The actuating gear consists of a steel cylinder rigidly fixed to the structure 
along its longitudinal axis. 

A packed piston, free to move from end to end of the cylinder, is situated 
within the bore and has attached to it two steel rams which pass out of the 
cylinder through stuffing boxes at each end. 

The outer end of each ram carries a steel cross-head with two wire rope 
sheaves positioned one on each side of each ram head and fitted with roller 
bearings. 

The ram heads are provided with rollers fitted with ball bearings, and these 
rollers run upon flat steel bars carried by the structure to guide the heads and 
prevent the rams from turning or sagging. 

The rollers are carried on extensions of the sheave spindles which form 
part of the ram heads, and to these are attached steel anchorage straps with 
fittings for attaching and adjusting the wire ropes. 

At the centre of the catapult the two sides of the structure are connected 
by a bolt which passes through the middle of, and forms the fixing for, four 
steel links. 

These links are arranged in pairs, one pair upon each side of the cylinder 
each pair of links carries two spindles, one at each end, on which work wire rope 
sheaves. The sheaves carried by the links are in line with those carried on the 
ram heads. 

Two wire ropes are employed to connect the jigger to the trolley. 

One attached to the ram head in front of the cylinder passes back and over 
one of the sheaves carried by the central links, thence under and forward, round 
one of the sheaves carried by the ram head—from here it is led back and round 
the front horizontal sheaves carried by the trolley and thence forward and over 
the sheave on other side of ram head, back under one of the sheaves carried by 
the central links, then over this sheave and forward to the ram head to which it 
is attached by an adjustable fixing. 

A similar but reversed reeving of the wire rope is employed at the back 
end of the machine to connect the jigger to the back of the trolley. 

This reeving gives a ratio of 3 to 1, i.e , if the rams move a distance of one 
foot the trolley will travel three feet. 

The sheaves are all of one diameter but so positioned that the pulls due to 
the angles of the ropes neutralise each other, giving a resultant thrust truly 
along the centre line of the cylinder and rams. 

The strength of the rope is utilised twice as each reeving is in duplicate on 
each side of the machine. 

The horizontal sheaves on the trolley do not revolve and are only equalisers 
to ensure the strain being taken equally by the ropes on each side of the machine. 

The main starting valve is formed in one steel casting with the back end 
of the cylinder, the pressure inlet of the valve being connected by a large bore 
pipe to the air reservoir. 

The valve when open has a clear passage way of equal area to that of the 
pipe, so that the air from the reservoir has practically a free flow. 
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The main starting valve is opened by means of an auxiliary pilot valve 
housed in the cover of the main valve and actuated by means of a lanyard attached 
to a lever. An operator pulls the lanyard for launching to take place. 

By this method the main starting valve either remains closed or it is opened 
full bore—it is impossible to position it otherwise, thus preventing any partial 
or ‘* half-cock *’ action of the catapult. 

The pressure from the reservoir acts against one end of the starting valve, 
tending to open it to admit air to the cylinder, but when standing this tendency 
is overcome by air pressure from the reservoir, admitted through the pilot valve 
and acting on a superior area at the opposite end of the starting valve. In this 
position, the cylinder is opened to atmosphere te prevent a pressure being 
generated therein by leakage before it is required. 

When the pilot valve is moved by means of the lanyard to its launching 
position, it first shuts off the superior area from pressure and then opens it to 
atmosphere. The air pressure acting on the other end of the starting valve 
forces it right over cushioning on the back of the valves, first closing the cylinder 
from atmosphere and then opening it full bore to the air reservoir. 

When the main valve is opened, the air from the reservoir expands into the 
cylinder and, acting on the piston, forees the rams forward at an increasing 
speed until the end of the acceleration stroke is reached, the launching carriage 
carrying the aeroplane being accelerated by means of the front rope and multi- 


plying mechanism. 

At the end of the acceleration stroke the launching carriage and other moving 
parts of the catapult are retarded and brought to rest within a further six feet 
of travel, the aeroplane having left at the commencement of retardation.  Re- 
tardation is effected by hydraulic pressure due to liquid being locked in the 
front part of the evlinder at the end of the acceleration stroke; this liquid is 
allowed to escape during the retardation stroke through a suitably graduated 
passage or keyway formed in the piston, so that a hydraulic pressure is generated 
suflicient to absorb the kinetic energy in the moving parts. 

If the cylinder in front of the piston was entirely filled with liquid during 
the acceleration stroke it would have to be displaced to allow the piston to move 
forward and an undue resistance would be set up unless very large passage 
Ways were provided——as such are not practical and to avoid such a resistance 
being set up, the eyvlinder in front of the piston is charged with an amount of 
liquid sufficient only to give the check action with as small a margin as possible. 

The liquid lies in the bottom of the cylinder, the remainder of the cylinder 
being air filled and open to atmospheric pressure. 

An oblong aperture is formed in the top of the cylinder and directly con- 
nected to this is a cylindrical vessel for receiving the liquid when it is forced 
out of the cylinder. 

The aperture is so positioned that at the end of the acceleration stroke it 
is closed by a projecting portion of the piston, in which a graduated control 
passage is formed through which the liquid can escape. 

During the whole of the acceleration stroke the oblong aperture is open 
for the free passage of air and liquid from the evlinder to the receiving vessel. 

As the piston is aceclerated forward, the liquid banks up in front in the 
form of a wave and the air is expelled through the aperture—during this period 
little resistance is offered to the movement of the piston, 

Shortly before the end of the acceleration stroke the front end of the cylinder 
contains fluid only which then commences to flow through the aperture into 
the receiving cylinder, the piston projection then closes the greater part of the 
area, as already described, and the check or retardation action begins by the 
liquid being forced from the cylinder end through the graduated control passage 
into the receiving vessel causing the pressure to rise in the cylinder end. 
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The kinetic energy of the trolley and other moving parts is thus transformed 
into kinetic energy of the liquid and is finally dissipated. The moving parts are 
gradually decreased in speed until they are brought to rest. 

During the acceleration stroke, the ram exerts a pull upon the trolley through 
the forward reeving of wire rope. Immediately the retardation action commences, 
the trolley begins to pull on the back rope, tending to move the piston forward 
against the check action of the hydraulic pressure acting on the area in front 
of the piston. 

When the hydraulic check is functioning it is important that the cylinder 
end shall contain liquid only. In order to ensure that all air is expelled before 
the check action starts, a diverting plate is provided in the front end of the cylinder, 
fixed about the centre line. The piston projection in which the graduated passage 
is formed passes above this plate and blocks the greater part of the area above 
it. As the piston moves forward it forces most of the liquid under the diverting 
plate right to the end of the cylinder, up through a space left between the diverting 
plate and the end of the cylinder and backwards into the receiving vessel carrying 
any air locked in the cylinder with it. 

In addition to this precaution, a small bye-pass pipe connects the end of the 
eylinder to the receiving vessel and allows any residue trapped in the cylinder 
end to escape. 

After the air has escaped, the liquid flows through the bye-pass and continues 
to do so until the end of the retardation stroke, when the piston projection passes 
over the orifice in the top of the cylinder to which the bye-pass is connected, 
giving the final cut-off—the graduated passage way having been closed previously. 

Immediately before a launch a cock fitted in the receiving vessel is opened 
to ensure that the pressure is reduced to atmospheric and the level of the liquid 
in the cylinder checked by reference to a gauge glass fitted for the purpose by 
lifting a lever fitted to the front end of the cylinder and opening a spring-loaded 
valve fitted in the pipe connecting the liquid in the cylinder to the gauge glass. 

This is done only when the recciving vessel is at atmospheric pressure and 
the launching carriage in its starting position. 

If the liquid is not suflicient more can be added through a funnel fixed on 
top of the liquid gauge glass. 

If too much it can be drawn off through a drain cock provided for the 
purpose. The cock fitted in the receiving cylinder is then closed. 

The exhaust from the main starting valve is not connected directly to atmos- 
phere, but is connected to the receiving vessel by a pipe in which is fitted a 
non-return valve allowing air to flow from the starting valve to the receiving 
vessel, but not in the reverse direction. 

On the receiving vessel side of this non-return valve, a relief valve is fitted 
and on the starting valve side of the non-return valve is fitted a cock. 

This cock is only opened when the trolley is being returned after a launch, 
and is used for controlling the speed. Normally it is closed. 

To return the trolley to its starting position after a launch has taken place, 
the starting valve is actuated by means of the pilot valve, the pressure inlet to the 
evlinder being then opened to exhaust, that is, through the non-return valve to 
the receiving vessel. 

The pressure rises in the connecting pipe and receiving vessel until it 
reaches the pressure at which the relief valve is set, after which the air escapes 
to atmosphere through the relief valve until both sides of the ram piston and the 
receiving vessels are brought to the same pressure, 7.e., that for which the relief 
valve is set. 


The cock on the starting valve side of the nos-return valve is then opened 
allowing the pressure in the rear end of the cylinder to escape until the pressure 
difference between the two sides of the ram piston is sufficient to move it and 
return the trolley, the speed of return being controlled by the cock. 
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Pressure for returning can be boosted up if necessary from the air reservoir. 

When the catapult is not in use the launching carriage is housed centrally on 
the structure and secured in position to it by bolts provided for that purpose, so 
preventing movement of the trolley due to roll of the ship. 

The R.A.E. type catapult was built at the Royal Aircraft Establishment, and 
by the end of December, 1924, it had been installed in a pit on the Common 
adjacent to the Aerodrome at Farnborough, where it remains to-day. It is now 
used for catapulting type trials on aeroplanes and for training pilots. 


R.A.E. Catapult Installed on Farnborough Common 


This catapult was designed to launch aeroplanes not exceeding 7,00olb. all- 
up weight at a speed of 45 m.p.h., in a distance of 3q4ft., the mean acceleration 
being 2g. 

In this type of catapult the motive plant, which is operated by compressed 
air, consists of a number of tubes or rams arranged like a telescope, the outer 
one being fixed to the rear end of the catapult structure in such manner as to 
allow the other tubes to be projected forward; the smallest tube pushes the 
launching carriage on which the aeroplane is mounted. The structure consists 
of a low beam about 5oft. long, 3ft. high and 3ft. wide, mounted on a central 
pivot about which it can be rotated to launch the aeroplane in any direction into 
wind. 

In this catapult four tubes are used, one fixed to the structure and three 
movable ones, so arranged that they all move relatively to each other simul- 
taneously. 

This is accomplished by making each tube such an amount smaller than the 
one in which it telescopes, that the area of the annular space between them is 
equal to the area of the bore of the smaller tube of the pair, and enclosing this 
space by a piston fitted at the rear end of the smaller tube and a bush at the 
front end of the larger, the resulting space being filled with fluid. Ports are 
cut through all the movable tubes near their inner ends. 

Now if the largest movable tube is pushed out of the fixed tube the fluid 
trapped between these two tubes will be displaced; it will be forced through the 
port cut in the wall of the moving tube and in turn it will force the piston attached 
to the next smaller tube to move forward. This will cause a similar motion 
between the next pair, and so on, until the smallest and last tube of the series 
is reached, in which the fluid from between it and the next larger tube is accom- 
modated. Actually the fluid which passes into the smallest tube is used to push 
a piston compressing air at its forward end, use being made of this compressed 
air to close the rams when the pressure on the large piston is released. 

As it is necessary to bring the truck and rams to rest at the end of the 
launch, the telescopic tubes are arranged to act as hydraulic buffers for the last 
foot of each of their strokes, the port cut in the walls of the moving tubes being 
covered by passing into the bushes through which the tubes slide, the fluid thus 
trapped being forced through a number of small holes drilled through the tubes 
between the main ports and the pistons. 

To ensure that the spaces between the tubes are filled with fluid, a special 
charging device is fitted, consisting of a tank in which extra fluid is stored and 
a pipe system fitted with non-return valves permitting fluid to pass into all the 
spaces, when air pressure is applied to the top of the fluid in the tank. Vent 
cocks communicating with the annular spaces are provided on the top of the 
flanges of the rams to let out any air. 

A valve is fitted at the front end of the small tube to enable the space between 
the piston inside that tube and the front end of the tube to be charged with 
compressed air for returning the tubes to the closed position, a pressure of about 
20olb. per square inch being used. 
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Four bottles (each of two cubic feet capacity) slung under the rear end of the 
catapult, are filled with air compressed to about 2,ooolb. per square inch. These 
bottles are connected by pipes to a reducing valve chest in which there are two 
valves, one for reducing the pressure of the air to the desired pressure, which varies 
according to the weight of the aeroplane, and the other to admit the air to the 
reducing valve. This valve opens against the air pressure in the bottles and is 
operated by means of a piston fitted at the other end of the valve working in a 
chamber to which compressed air is admitted by means of a needle valve. 

The reducing valve is of the balanced piston type, and is controlled by air 
pressure at the rear end kept at a predetermined value by a small valve held in 
its seat by a spring, the spring load determining the pressure. 

There is another valve for releasing the pressure from the cylinder after 
launching and acting as a safety valve. 

Two further R.A.E. catapults were built by Messrs. MacTaggart Scott to 
the original designs and one sent to Farnborough for test. On completion of 
these tests in November, 1927, this catapult was installed on H.M.S. Frobisher. 
The other was sent to Chatham Dockyard. 

In May, 1928, experiments were commenced at Farnborough using cordite 
in place of compressed air, the R.A.E. catapult being modified for that purpose. 

The valve chest was removed and a steel combustion chamber fitted in its 
place, it being slung under the end of the rams and connected by means of a 
short pipe to the cylinder head. Projecting into this chamber was a tube which 
held the cartridge case, one end of it being attached by a breech-block. 

The cordite was fired in the usual way by either a percussion or electric 
firing tube. 

Both compressed air and cordite can be made to give similar types of pressure 
curve throughout the launching strokes. 

The first cordite-operated catapult was installed on H.M.S. York, and was 
the second R.A.E. type built by MacTaggart Scott, and which was modified 
to use cordite instead of compressed air. 

When the R.A.E. ram type of catapult is not in operation, the ram and 
trolley are housed at the rear end of the structure so that forward of the 
launching carriage the structure is unencumbered. 

Advantage has been taken of this in later R.A.E. type catapults to design 
the structure so that the forward half swings round on hinges to lie alongside the 
rear half when the catapult is not required for launching, suitable machinery 
being provided for carrying out the operation. This was embodied on two 
larger R.A.E. telescopic ram type catapults designed at Farnborough, one capable 
of launching aeroplanes up to &,ooolb. and the other 5,ooolb. all-up weight, 
cordite being used as the propellent for both catapults. In each case the final 
or launching speed is 55 m.p.h. 

These catapults are 82{t. long extended, but can be folded to 44ft. for 
stowing, the launching run being 5oft. 

There is no reason why the forward end of the structure should not be 
designed to function as a crane for hoisting the aeroplane on board and for 
mounting it on the catapult. This would avoid the fitting of an independent 
crane which is at present a very necessary adjunct to any catapult and at the 
same time save weight and space. 

Use can also be made of this structure to form the framework of a hangar 
to protect the aeroplane when stowed on the catapult with wings folded. 


In this country to-day there are several other types of catapult which have 
been developed since the introduction of the Carey and the R.A.E. types in 1925. 


These new catapults employ the usual system of wire ropes and pulleys in 
conjunction with the one ram for the actuating mechanism, but have several 
novel features. 
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A description of one of these later catapults, the Admiralty extending structure 
type, built by Messrs. MacTaggart Scott & Company, appeared in the technical 
press about 12 months ago. This catapult was designed to launch aeroplanes 
weighing 8,ooolb. at a speed of 57 m.p.h., 7,o0oolb. at 60 m.p.h., and 6,o0olb. 
at 63 m.p.h., the mean accelerations being 2.15g., 2.38g., and 2.62g. respec- 
tively. The launching run is 5oft. 6in. The length of the catapult is 75ft. gin. 
when in operation, and it can be closed to 46ft. when not required for launching. 
The novel feature of this catapult lies in the means adopted for stowing the 
catapult when it is not required for use. The structure which forms the runway 
for the launching carriage consists of three parts: the main central structure, 
the forward extending portion and the rearward extending portion. ‘The two 
extending frames are similar and each is half the length of the main central 
frame. These extending portions slide inside the main central portion and are 
there housed when the catapult is in the stowed position, the system of wire ropes 
and pulleys being so arranged that no alteration takes place in the rope tension 
during the closing or extending of the structure. 

This system is illustrated. Another type in use to-day is the Admiralty 
slider type catapult built by Messrs. Ransome and Rapier. 

The novel feature of this catapult again is the means adopted for ‘‘stowing’’ 
when not required for use. Briefly, the catapult consists of a main structure 
along which is propelled, in the usual way by a system of wire ropes in con- 
junction with a ram, a subsidiary or sliding structure. 

On this sliding structure and travelling along it in turn is the launching 
carriage. A wire rope, one end attached to the launching carriage passes over 
a pulley carried at the end of the sliding structure and thence to an anchorage 
on the main structure. Reversed cable and pulley systems both in the case of 
the sliding structure and the launching carriage are used for retardation purposes 
in the usual way. 

The next diagram shows this type. 

Other countries, notably France, Germany and Italy, have also been en- 
gaged on the problem of designing catapults. They all seem, however, to have 
followed very closely along the lines of the original American catapults, i.e., the 
usual system of wire ropes and pulleys used in conjunction with one ram and 
similar in many respects to the Carey type which has been described at some 
length. 

One other type of catapult differing from any of the usual types has been 
developed in this Country at the Royal Aircraft Establishment. This is the 
Aeroplane Field Catapult, or more correctly speaking, Accelerator. 


Aeroplane Field Catapult or Accelerator 


This catapult has been developed with the idea of enabling heavily laden 
aeroplanes to take-off from small fields used as emergency aerodromes. 

It was designed to enable aeroplanes not exceeding 18,ooolb. all up weight 
to attain a speed of 60 m.p.h. in a run of 120 feet, the mean acceleration being 
tg. Primarily the catapult consists of a revolving drum whicb winds in a cable 
to which is attached the aeroplane, set up at a small angle of incidence. The 
speed imparted to the aeroplane by the catapult is not sufficient to cause it to 
become air-borne at the incidence at which it is so set when on the supporting 
trolley. On leaving the trolley the aeroplane is then under the control of the 
pilot, who takes-off in the ordinary way. 

The power and launching unit is mounted on four wheels and provided with 
a drawbar so that it can be hauled to the place where it is to be used for launching. 
The compressed air for operating the power unit is stored in steel cylinders in a 
separate truck. 

Before the launch can be made it is necessary for the catapult to be well 
secured to the ground by means of suitable ground anchors. 


} 
} 
: 
‘a 


724 P. SALMON 


The power is derived from two spheroidal type compressed air engines 
capable of developing a total horse-power of 4,000 at 2,5co r.p.m. These engines 
turn, through suitable 6 to 1 gearing, a 4f{t. diameter winding drum which winds 
in the cable to which the aeroplane is attached. This cable, one end of which 
is attached to a trolley supporting the tail of the aeroplane, passes forward and 
is led round a sheave firmly anchored to the ground and thence back to the 
winding drum to the lower half of which the other end of the cable is attached. 
Another cable, one end of which is attached to the upper half of the drum, is paid 
out as the launching cable is wound in. Being attached at its other end to the 
tail supporting trolley and to the launching cable, it serves to retard them, when 
the end of the run is reached, and a brake which is fitted to the drum is applied. 

A hook fixed on the launching cable engages with a suitable attachment on 
the aeroplane. This hook is provided with a pivoted trigger, locked in position 
before starting a launch by a wedge anchored to the catapult framing by means 
of a piece of slack cable, and is withdrawn by the taking up of the slack as the 
run proceeds. The wedge is kept in place on the hook unit by a piece of soft 
wire which is sheered through when the wedge is arrested. 

Between the end of the launching cable and the end of the retarding cable 
is mounted a pneumatic buffer which acts as a connecting link between the 
launching and retarding parts of the cable. It is of the cylinder and piston type. 
Being charged with compressed air it has the effect of drawing together the two 
portions of cable, thus putting an initial strain on. Further, at the moment of 
starting a launch all extra stretch in the launching part of the cable is taken up 
by the buffer. 

In order that the aeroplane shall be at its flying angle during catapulting, 
the tail is raised and carried on a small truck as previously mentioned. This 
truck also carries the pneumatic buffer. During acceleration the hook remains 
firmly in engagement with its attachment to the aircraft. At a predetermined 
point on the run, the catapult engine power is automatically shut off and the 
brake applied to the winding drum. The retarding cable then comes into opera- 
tion to arrest the tail truck and the launching cable, the aeroplane having attained 
flving speed takes-off under its own power. The aeroplane engine or engines are 
set running at full speed just before the catapult winding drum is set in motion, 
the airscrew thrust being resisted by a spring controlled trigger and cam release 
gear fixed on the frame underneath the winding drum. 

The catapult engines, as previously mentioned, are of the spheroidal type, in 
which a shaft fitted with two diametrically opposite vanes fitting closely to the 
inner surfaces of a spherically shaped chamber is made to rotate. The end walls, 
in which the shaft bearings are housed, are conically shaped on their inner sur- 
faces in such a manner that a rotatable disc, slotted to pass over the vanes, lies 
at an angle against the top face of one end wall cone and against the bottom 
face of the other end wall cone, thus dividing the chamber into two compartments. 
Injet and exhaust ports are arranged in the conical end walls so that compressed 
air is automatically admitted to and exhausted from the compartments in such 
a manner as to cause the shaft to rotate due to the pressure on the vanes. 

The two engines are geared together so that their vanes are at go° respec- 
tively to ensure evenness of torque, and also so that when the trigger and cam 
release gear fitted underneath the winding drum are in the engaged for starting 
position, the engines shall have automatically reached their best position for pro- 
ducing maximum torque at starting. 


Compressed air at a pressure of 1,800lbs. per sq. inch is contained in a 
number of steel cylinders which are carried on a separate tender and connected 
to the catapult by a universally-jointed pipe which is detachable. The air is 
supplied to the catapult engines through a reducing valve of the balanced type 
situated in a chamber which is connected by the universally-jointed pipe to the 
reduced air pressure chamber lying along the top of the catapult. 
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The compressed air cylinders are fitted with valves of the piston operated 
mushroom type opening against the pressure in the cylinder. Air pressure from 
one of the cylinders is admitted by means of a hand operated needle valve to a 
chamber behind the piston of this valve and thence through pipes to similar 
chambers behind all the other valves, thus releasing air from all the cylinders 
through the connecting pipes to the main reducing valve. 

The reducing valve is of the balanced piston type, being controlled by main- 
taining air pressure in a chamber behind it at some predetermined pressure by 
means of a spring controlled set of valves, 

As this type of valve becomes increasingly unbalanced as the flow of air 
increases, a special balancing piston is provided in another chamber at the rear 
of the control chamber, and by means of ducts arranged through the valve 
spindie, maintains a more perfect balance of the valve under all rates of air flow. 

The brake band is operated by a lever connected to a piston fitted in the head 
of the reduced pressure chamber. This piston is operated by compressed air 
stored in a separate container fixed alongside the reduced air pressure chamber. 
The air is admitted to act on the piston through a valve automatically controlled 
to open at a predetermined point during the run. At the same time the move- 
ment of the piston causes the transfer ports in the reduced pressure chamber to 
he closed and so shut off the air supply to the catapult engines. 

The valve is opened by a trip lever, the trip being effected by a projection 
on a nut which travels along a screw fitted on the top of the winding drum shaft. 

The reduced air pressure chamber is provided with two spring controlled 
relief valves and these also act as blow-off valves, releasing imprisoned air after 
a launch, and being operated by hand, after the needle controlling valve has been 
shut. 

Prior to the commencement of each launch a predetermined amount of oil is 
forced by this air pressure to the working parts of the engine through suitable 
pipes and oilways. 

A‘ laying on ”’ gear is provided to ensure that the highly tensioned launching 
portion of the cable is evenly laid on the winding drum, and consists of a con- 
trolling vertical screw, driven by a chain from the winding drum shaft to feed the 
cable passing over a leading pulley at the correct rate. 

When flying aeroplanes off the deck of an aircraft carrier, the run involved 
is mainly dependent on the speed with which the ship is travelling. 

As this run is necessarily restricted it is practically impossible to fly off 
under its own power when the ship is lying at anchor unless the aeroplane is 
assisted by some such means as the catapult, which will enable it to gain speed 
rapidly in a short distance. 

The ordinary type of catapult fixed on the deck would create an undesirable 
obstruction and to avoid this the mechanism used to operate the catapult would 
have to be carried below the deck. 

The method of imparting the catapult thrust to the aeroplane used by the 
field catapult—a steel cable engaging with the aeroplane which is supported by 
a trolley at its flying incidence—could be easily adapted for use on aircraft 
carriers, 

The drawing shows a method of adapting it. 

The aeroplane rests on its undercarriage wheels and on the supporting car- 
riage, which also imparts the catapult thrust to it through thrust points similar 
to those previously described and which are now standard on all aeroplanes used 
for catapulting in this country. 

The carriage itself is readily attached to and detached from the cable so that 
when a launch has been made, the trolley is removed out of the way and the next 
aeroplane mounted on its trolley is then attached to the cable ready for launching. 

As in the case of the field catapult, the aeroplane after leaving the carriage 
is under the control of the pilot and taken off in the usual way. 


” 


726 P. SALMON 


Although its use is at present mainly, if not solely, confined to ships, there 
appears to be no reason why the catapult should not be used on land where space 
is limited or when for any reason conditions occur such that the distance required 
for the aeroplane to take-off under its own power has to be limited, as in the 
case of heavily laden aeroplanes, which at present require very lengthy and care- 
fully prepared run-ways. 

The degree of safety ensured in getting the aeroplane into the air by means 
of the catapult, or the ‘‘ field accelerator,’’ in cases where there is very little 
reserve engine power avaiiable for taking-off would seem to point to the view 
that the catapult must inevitably take its place in the normal equipment of the 
aerodromes or sea ways which will constitute the bases for the heavily-laden 
long-distance commercial aeroplanes for the future, to enable them to fly off 
irrespective of the state of the sea or possible obstructions on or near the 
acrodrome. 

Such catapults, like many of those on ships to-day, will be capable of 
Jaunching the aeroplane in any direction, head into wind to avoid cross winds. 
The aeroplane will, of course, be specially designed for catapulting both as 
regards the loads imposed on it and the means of engagement with the catapult 
itself. 


DISCUSSION 


Captain C. E. Turiré, D.S.O., R.N. (of the Admiralty): He was impressed 
by the size and weight of the superstructure on the catapult trolley, and he 
pointed out that the greater the weight of that superstructure the more com- 
plicated was the problem of retarding it after an aeroplane had been launched 
from it. He appreciated that the manner in which the aeroplane was released 
was ingenious, but at the same time, he wondered whether they were perhaps too 
impressed with the ingenuity of the design, and whether they would not do better 
if the catapulting were done from the floats or at any rate from some point low 
down on the aeroplane. .\ disadvantage of that method, of course, was that it 
involved putting more weight on the aircraft, but if they were to go in more for 
catapulting float planes they would be able, he hoped, to lighten the super- 
structure of the catapults. 

Referring to the large hinged catapult of the R.A.E. type which had been 
mounted on H.M.S. ‘‘ Hood,’? Captain Turle said that when he had seen a 
photograph of that large piece of mechanism, supported by a very small pivot, it 
had occurred to him at once that it would give trouble—and, as evervbody knew, 
it had given trouble. That was unfortunate, inasmuch as it was one of the few 
multiple-ram catapults they had, and therefore they could not gain the experience 
they would otherwise have obtained of that type of catapult. Others depended 
on the wire purchase, and not on multiple rams. 

Discussing the alternatives of air and cordite to provide the power for 
launching, he said it had been pointed out that cordite was more mobile than air, 
that when cordite was used it was not necessary to have air pipes laid up to the 
catapult, and that although on board a_ battleship there was available the 
mechanism with which to provide the air pressure, it would not necessarily be 
available on all ships. At the same time, the adoption of cordite had not added 
to the flexibility of launching. A catapult on board ship would have to launch 
various types of aircraft, of different weights and in different winds, and it was 
necessary to adjust the charges to provide the necessary velocities for the different 
weights of aircraft. From that point of view Captain Turle suggested that they 
would be better off if they used air. However, on the whole he believed that the 
use of cordite was the correct solution, because one did not then require an air 
compressor and bottles in order to operate the catapult. 
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Mr. GrirritH BREWER (Vice-President of the Society, who, as the President 
pointed out, was the first Englishman to be catapulted in an aeroplane—24 years 
ago): He recalled that at the aerodrome at Anvours, in 1908, he had been invited 
by the late Mr. Wilbur Wright, who was piloting a machine, to take a seat in it, 
and he had experienced the exhilaration of being catapulted by means of a weight 
which descended a pylon. This method, used by the Wrights, was a very simple 
one—and, incidentally, he was impressed by the complicated appearance of the 
modern catapulting arrangements described in Mr. Salmon’s paper. The 
Wrights used a high pylon on four stilts, to the top of which a heavy weight 
was drawn, and the launching was effected by means of a cable passing round a 
multiple pulley. The cable came down from the pulley at the top of tke pylon, 
passed round a pulley on the ground, then along to the forward end of the track 
-~-which was simply a board track—round another pulley there and back to the 
mechine. Wilbur Wright, when ready to start, pulled a trigger which released 
the machine—the propeller had already started—and the weight then descended 
down the pylon, the continuous pull of the weight accelerating the machine until 
it was launched off the end of the track and was air-borne. Mr. Griffith Brewer 
said he had been wondering whether that simple arrangement did not fulfil satis- 
factorily the requirement of which he had heard, that the acceleration should 
be greater at the beginning than at the end; he supposed that the continuous 
pull of the weight provided reduced acceleration as the resistance increased. 

When on the s.s. ‘* Bremen’? recently he had seen a machine launched 
successfully just before reaching America, and he was afraid that catapulting 
arrangements for commercial purposes were used only on the German ships. 
Perhaps, however, Mr. Pritchard could give some enlightenment on that matter. 

Mr. Duncanson: He suggested that it was desirable to increase the height 
of the superstructure of the catapult, because the accelerating force could then be 
applied at a higher point on the aircraft, so that it would take the thrust nearer 
the centre of gravity of the aircraft; thus the thrust inertia couple on the machine 
would be reduced, thereby reducing stresses in the air frame, and the aircraft 
could be made lighter. He suggested also that that development might be 
facilitated by the use of higher tensile steels in the structure of the catapult. 
There was the difficulty, in regard to the design of the machines, of the increasing 
demands in the matter of the weight to be carried, and at the same time, one 
was limited in respect of wing area, and it seemed that anything that could be 
done to decrease heavy catapulting loads would be beneficial. One means of 
doing that would be to increase the launching run, thereby decreasing the 
accelerating force for a certain launching speed. 

The utilisation of catapults was a line of development which should be 
encouraged, except that he would heartily discourage their utilisation in connec- 
tion with ordinary commercial passenger-carrving machines if it were to give rise 
to a tendency to endeavour to carry more weight per horse-power, because safety 
really depended on an ample reserve of power, especially when flying through 
storms. 

Mr. E. P. CLemmMow : The first attempt to produce a cordite charge was made 
in connection with one of the rope type catapults, and it was not entirely success- 
ful owing to irregularity, j.¢., to a rather large spread, in the launching velocity. 
Various improvements were then made in the combustion chamber and in the 
method of ignition, and a new design of charge was introduced. It was found 
that these alterations had affected the regularity of the velocity very greatly, 
and with the first Service charge the maximum acceleration was of the order of 
2.4g., and the mean acceleration 2g. Thus the ratio of mean to maximum 
acceleration was fairly high, and he believed that the results obtained with 
cordite on that score were as good as if not better than had been obtained with 
compressed air—although he had no experience of compressed air. Nowadays 
the charge, after being determined, was tried out at sea, and in general one was 


| 
| 
| a 
| 
| 
I 
| 
| 


728 P, SALMON 


very disappointed if it were found that the spread in the launching velocity 
approached the tolerance limits laid down. He believed there were four or five 
different types of catapult using cordite in service, and he acknowledged that 
although he had been concerned only with propulsion, and had been reasonably 
successful there, that success would have been quite impossible of attainment, 
of course, were it not for the general excellence of the designs put forward. 

Commander L. C. Snarmax, R.N.: He had recently been in ati aeroplane 
launched by one of the latest tvpes of catapult, and on the first occasion he had 
put his head down, as instructed, and had felt that he was ascending at an angle 
of about 45 degrees. On the second occasion, however, he had kept his head up, 
and, apart from the feeling that a big hand was applied to his back and was 
pushing him forward, the sensation was nothing very great; perhaps it did dull 
one’s senses temporarily, but to no great degree. 

Major Bumpus (Fellow) (Messrs. Blackburn): He would like to have further 
information concerning the method of contro!ling the pressure. The pressure 
curve illustrated showed a gradual increase in pressure up to a maximum and 
then a gradual falling off. He had gathered from the paper that one of the 
important points in connection with the mechanism was to ensure, at any rate in 
the air-operated catapults, that the valve was fully opened, and that there was 
no possibility of it being only half opened. One could understand the reason for 
that, but, if it were fully opened, exactly how was the shape of the pressure curve 
predetermined ? 

Next he asked how the return stroke was arranged. He had gathered that 
in the multiple-ram type there was an arrangement of compressed air in the 
cylinders, which gave the return stroke, but he did not quite understand how, 
in the cable-operated machine, the return to the operating position was effected. 

Major Bumpus also referred to the large and heavy looking air bottles which 
were shown in the author's pictures of air-operated catapults, and he asked if 
those bottles were adequate for only one launch or would suffice for a series of 
launches. 

Finally, he pointed out that a catapult on the deck of a carrier would be 
required to launch a squadron of aircraft fairly quickly, and he asked what period 
of time elapsed between the launching of one machine and the launching of the 
next. 

Major D. H. Kennepy (Member of Council): He was interested in the subject 
of catapulting almost entirely from the commercial point of view, and he brought 
into close juxtaposition two remarks made in the paper. At the beginning of 
the paper the author had stated *‘ The catapult affords a means of getting the 
aeroplane into the air—probably the safest means known to-day—and enabling 
it to use its full engine power for maintaining flight . . .’’; and at the end of the 
paper it was stated *‘ The degree of safety ensured in getting the aeroplane into 
the air by means of the catapult, or the ‘ field accelerator,’ in cases where there 
is very little reserve engine power available for taking-off would seem to point 
to the view that the catapult must inevitably take its place in the normal equip- 
ment of the aerodromes which will constitute the bases, for the heavily-laden long- 
distance commercial aeroplanes for the future. . . .”’ From the commercial point 
of view, said Major Kennedy, these statements were extremely important, and 
he asked with all the emphasis at his command, with regard to the commercial 
use of the catapult, ‘‘ Will it pay?’? The designs illustrated by the author of 
the paper were for use both on ships and aerodromes, but by designing specially 
and exclusively for aerodrome use it might be possible to effect considerable 
economies in the construction of the catapults. Again, if the ground space neces- 
sary for aerodromes could be reduced, and if the aerodromes could be located in 
or near the towns, instead of 10 or 15 miles away, further economies could be 
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effected and these would help to make the use of catapults a paying proposition. 
For any enlightenment which could be given on this matter he would be grateful. 


Mr. M. L. Bramson (Fellow and Member): He conveyed to the meeting the 
views of Colonel the Master of Sempill—who had had to leave the meeting earlier 
in order to attend another function—to the effect that catapults would be ‘used 
in the future at all fully-equipped aerodromes. One reason was that under- 
carriages reduced the aerodynamic efficiencies of aeroplanes very much more 
than most people realised, and that if aeroplanes could be used without under- 
carriages, cruising speeds would increase and petrol consumption per ton-mile 
would be reduced. Colonel the Master of Sempill believed that in the future, 
when aeroplanes could be relied upon to fly from one point to another with 
certainty—partly as the result of multiplication of power plants and the greater 
reliability of engines—it would become practicable to use aeroplanes without 
underearriages and to launch them by means of eatapults. That answered to 
some extent the point raised by Mr. Kennedy; such a development would pay 
from the point of view of reduction of the size of aerodromes, from the point of 
view of reliability—and from the point of view of the cost of transport per ton- 
mile. 


Speaking on his own behalf, Mr. Bramson added that if catapulting became 
customary in the future, measures must be taken to protect absent-minded pas- 
sengers, so that when an acceleration of 2g. or 3g. was applied to an acroplane 
in which they were seated they would not hurt their necks. 


Mr. W. A. D. Fortes: Although a naval constructor belonging to a different 
Service from Mr. Salmon, the nature of his work had brought him into close 
touch with Mr. Salmon and his staff at Farnborough, and he had been in a 
particularly good position to appraise the value of Mr. Salmon’s contribution to 
the development of catapults in the last few years. Might he be permitted to say 
that he rated the work he has done as being of the first ‘mportance, and thought 
it appropriate that the first paper on this subject to be read before this Society 
should be from his pen. Apart from the multi-ram catapult, which is the type 
with which Mr. Salmon is particularly identified, the universal trolley super- 
structure, and the early development work on cordite charges, both of which 
are applicable to all types of catapult, are matters for which he is entitled to a 
large share of the credit. 

In this country they had developed for naval purposes three types of catapult. 
The Air Ministry multi-ram type, which Mr. Salmon was responsible for, and 
the Admiralty slider and extending structure types. They have all been designed 
for use on ships, and their special characieristic as compared with foreign cata- 
pults of similar launching speeds is their short stowage length. Speaking as a 
naval architect with a now extensive experience of the installation of catapults 
in warships, he had no hesitation in saying that this short stowage length is a 
very great asset in simplifying the installation problems in ships, and it is pro- 
bable that this characteristic of short stowage length will be found advantageous 
in other directions besides ships. 

Mr. Salmon had touched at some length on the historical aspect of his subject, 
and while this is of undoubted interest he was personally more interested in what 
the future held in store. He thought most people who have had experience of 
catapults and the problem associated with their design and installation would 
agree there were no insuperable difficulties to be apprehended in launching by 
catapults aircraft of any weight or size. Moreover, if the demand arises there 
will be no difficulty in certain types in catering for much greater launchng speeds 
than are common to-day. It is possible it will be found that the launching of 
large aircraft by catapults will make all the difference between commercial success 
and failure. 
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The influence of catapults may also be felt in another direction such as the 
possibility of achieving greater top flying speeds by working to higher minimum 
flying speeds. This is perhaps more likely to take place in carrier-borne aircraft 
in which the landing difficulties associated with an increase in landing speed are 
overcome by the fitting of arresting gears. In this way it is conceivable that 
carrier-borne aircraft may ultimately achieve a better performance than shore- 
based aircraft. 

In comparing the three British types referred to, multi-ram, slider, and 
extending structure, it may be said at once that all three have operated success- 
fully so far as the launching of aircraft is concerned. In considering their suita- 
bility for commercial purposes and their ability to meet conditions which the 
future is likely to impose in regard to increased loads and launching speeds two 
main factors have to be kept in mind, namely, safety and comfort. Safety is to 
be obtained by providing a high launching speed, comfort can be achieved by 
employing a low acceleration. Both these factors therefore imply a long travel 
of the launching trolley, and the type of catapult best able to cope with such 
conditions should have the best survival value. 

In the multi-ram type the over-all length of the catapult when extended is 
greater than in the other types and to keep the stowage length small it is neces- 
sary to hinge a long length of the girder structure. Unfortunately a ship at sea 
is rarely a steady platform and the problem of opening and closing and training 
this type of catapult in such circumstances presents difficulties which are not 
easy to solve. The difficulties are not likely to diminish as the size and speed of 
catapults increases. In this type of catapult the fluid pressures used are very 
high and have presented some peculiar problems. Ability to manoeuvre the 
catapult trolley to any position on the girder structure has proved of value when 
loading aircraft on to the trolley as this is a rather delicate operation. This, 
however, in the catapults of this tvpe which have so far been built is not possible, 
and loading the aircraft on to the trolley has proved more difficult. 

The two Admiralty single ram catapults are both really developments of the 
Carey catapult. In the slider type it is at once obvious that in addition to 
launching the aireraft the heavy sliding member on which the trolley runs has 
itself to be accelerated, and what is even more important has to be retarded. 
In the early forms of slider catapult the sliding member moved at half the trolley 
speed, but in the later ones it moves at one-third the trolley speed and the single 
ram employed has the same stroke as the sliding member, and this leads to a 
relatively long cylinder. In these later catapults the effect of the mass of the 
sliding member is not so pronounced, but, even so, the force transmitted to the 
structure of the ship may be three times or more as great as in the extending 
structure type of catapult. As the loads to be launched and the speeds increase 
the difficulties which have to be overcome in this type are likely to increase. 

In the extending structure type only the aircraft and trolley have to be 
accelerated and the trolley only retarded, and the forces brought on to the 
structure of the ship are thus relatively low. This type of catapult, moreover, 
appears to be capable of coping without difficulty with much higher speeds than 
are now used. By using a six to one rope reeving the length of cylinder required 
is relatively short and the fluid pressures reached during retardation are relative!s 
low as the retardation travel can be kept large. 


In comparing the two Admiralty types of catapult an investigation of the 
geometry of the two types will reveal that for a given stowed length the travel 
of the trolley in the extending structure type is greater than that obtainable in the 
three to one slider type. This is a most important consideration as it enables a 
higher speed to be obtained in the extending structure type than is possible in the 
slider type, thus increasing the margin of safety, or alternatively a lower accelera- 
tion could be used which would lessen the discomfort of passengers. In a three 
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to one slider type catapult having a stowage length of 48ft. a trolley travel of 
6boft. can be obtained, while in the extending structure type a travel of 72ft. is 
possible, an increase of 20 per cent. corresponding to an increase in launching 
speed of about 24 knots. Another advantage possessed by the extending  struc- 
ture type is that the trolley can be moved to any position along the girder 
structure without increasing the stowed length of the catapult. This makes for 
convenience in loading the aircraft on to the trolley and enables the aircraft to 
be stowed in the most favourable position to suit the other ship arrangements. 

A criticism which has been levelled against the extending structure type is 
that the ropes have a reversed bend. Actual experience has, however, amply 
demonstrated that there is no substance in this criticism and it is of no practical 
significance. 

He had not much time to touch at any length upon the catapult-cum-crane 
referred to in Mr. Salmon’s paper. It exists at the moment only on paper and 
much detailed investigation and design work will be required before construction 
could commence. He was not convinced that this more cumbersome catapult 
would be satisfactory for ships, although for use ashore it might have advantages. 


REPLY TO DISCUSSION 


Mr. J. D. H. Pritrcuarp, replying to the discussion, said in reference to 
Captain Turle’s remarks on the weight and size of the superstructure on the 
catapult trolley, it was true, of course, that the greater the weight of the trolley 
and the superstructure carried on it, the greater was the difficulty in retarding 
the ram after an aeroplane had been launched ; he acknowledged that the problem 
of retarding the moving parts of the catapult presented a greater difficulty than 
that of attaining the desired launching speed. The kinetic energy of the moving 
parts depended on their speed and weight, so that if the weight could be reduced, 
and therefore the kinetic energy, the difficulty of absorbing this energy became 
somewhat less. 

The problem as to whether a machine should be catapulted from the floats 
or the fuselage was, in his view, even more important than the problem of retard- 
ing the moving parts of the catapult after launching. Possibly he regarded 
this matter as of greater importance because he had been accustomed to consider 
the question of catapulting from the point of view of the aeroplane rather than 
that of the catapult itself. Since an aeroplane had to carry as great a load as 
possible for a given horse-power and wing area, if one were to penalise the 
aeroplane by forcing it to carry weight for the sole purpose of catapulting, a 
certain amount of useful load had to be sacrificed. It was a moot point as to 
which would win—the catapult, which remained on the ground, or the aeroplane, 
which had to get away into the air. Whilst referring to this matter he dealt 
with Mr. Duncanson’s suggestion that it was better to apply the catapult thrust 
in a line with the centre of gravity of the machine and so avoid the tipping 
moment. That was true to a certain extent. But it should be considered that 
the aeroplane was designed to withstand a certain fairly large down load on 
its tail, which occurred during a nose dive, so that if one could design the 
aeroplane to cope with a load on the rear part of the fuselage induced by 
catapulting, of a similar order to that which the tail had already to carry, a 
point was reached where one could make a compromise. 

Commenting on Captain Turle’s remarks concerning the hinge on the 
multiple-ram type of catapult, he said there were two sides of every question to 
be considered, and he was not in a position to state which was the right view 
to take in this case. He would prefer that this question be left to Mr. Salmon. 

Discussing cordite versus compressed air as the means of propulsion, he 
said that although both gave similar results, cordite could be handled very much 
more easily than compressed air when a number of aeroplanes had to be launched 
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in the shortest possible period of time. Where there was a compressed air 
system which could supply practically any quantity of air at very short notice, 
the advantages of using cordite became less important. Cordite could be used 
for operating a catapult practically as rapidly as for firing a gun, and the same 
applied to the use of air, only if the supply were adequate, but he was afraid 
that on a warship one could not call at all times upon a supply sufficient to launch 
all the machines rapidly. 

Commenting on the remarks of Mr. Griffith Brewer, Mr. Pritchard said 
that in a courageous moment he had taken a seat in a machine which was launched 
from the old catapult at Farnborough, and he agreed that the sensation required 
some getting used to, even when the acceleration was not too great. Replying 
to the question as to the use of catapults commercially on board ship, he said the 
Germans had a catapult on the Bremen, and one on the Europa, he believed, 
and the French had one on the Ile de France. 

Obviously, if catapulting were to be applied to commercial passenger- 
carrying aeroplanes, the occupants would not care to put up with a very uncom- 
fortable launching. An acceleration of about ? g. possibly was the most that 
would ever be attempted commercially for getting passenger-carrying machines 
into the air. 

Replying to Major Bumpus, as to the method of controlling pressure, he 
said that actually it was not predetermined, but was arrived at by a method of 
trial and error. However, he preferred that Mr. Salmon should answer that 
question. 

The number of air bottles in the catapult referred to by Major Bumpus was 
sufficient for only one launching. 

Discussing the method of returning the rams, he said that in the end of 
the smallest ram there was a piston, and the oil from the annulus between the 
smallest ram and the next, passing into the small ram, pushed the piston along. 
Air was trapped at the forward end of the piston, and was compressed when 
the rams were shot out, and remained compressed until the pressure in the main 
cylinder (i.e., the biggest tube of all) was released. The pressure behind the 
small piston then forced the liquid back into the annuli, and so caused the rams 
to travel back. 

Regarding the type of catapult suggested for use in carriers, he had no 
actual data as to the time required to reset a machine, but he imagined that 
with a well-trained crew the time occupied should not be more than four or five 
minutes. If the machines were ready, each on its own trolley, they had simply 
to be wheeled into position and hooked on to the cable. It was a question of 
the training of the personnel and the facilities available on board ship. 

Mr. Pritchard expressed the view, in reply to Mr. Kennedy, that catapults 
could be used commercially, and on small aerodromes very close to the towns. 
The problem of getting the aeroplanes back into small aerodromes depended on 
the provision of some means of arresting them, and probably the arresting gear 
could be provided. 

Every aircraft designer appreciated that aeroplanes were rather handicapped 
by the drag of their undercarriage. Engines were becoming more and more 
reliable, and if the undercarriage could be dispensed with entirely we might evolve 
the aeroplane described by H. G. Wells in his novel ‘f The War in the Air ’’; 
in that, reference was made to an aeroplane launched from an airship and being 
attached to it again, and it had no undercarriage. The imagination of some 
vears ago might be a foretelling of the future. 
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PROCEEDINGS 
SIXTH MEETING, SECOND HALF, 67TH SESSION 


A joint meeting of the Roval Aeronautical Society, the Institution of Auto- 
mobile Engineers and other bodies, was held on Tuesday, March rst, 1932, in the 
Caxton Hall, Westminster, when a paper by C. B. Dicksee, A.M.I.Mech.E., 
M.I.A.E., was read on ‘‘ Some Problems Connected with High-Speed Compres- 
sion-Ignition Engine Development.”’ 

In the chair, Mr. Alan E. L. Chorlton, F.R.Ae.S., M.I.Mech.E., M.P. 


SOME PROBLEMS CONNECTED WITH HIGH-SPEED 
COMPRESSION-IGNITION ENGINE DEVELOPMENT 


BY 
C. B. DICKSEE, A.M.I.Mech.E., M.I.A.E. 


In this paper the author does not propose to deal with any particular form 
or type of engine or fuel-injection system, but to discuss some of the problems 
which are encountered when engaged on the development of a high-speed com- 
pression-ignition engine. 

The main problems to be solved consist in devising suitable means for 
utilising to the fullest possible extent the oxygen available within the cylinder 
and for avoiding the production of smoke and noise and, in so far as it is con- 
nected with combustion conditions, smell. 

If the oil engine is to compete successfully with the petrol engine its per- 
formance must be comparable in every particular. This applies with especial 
force to the speed range. Failure in this direction will severely handicap the oil 
engine, particularly if, or when, the present artificial advantage obtained from 
the present fuel tax is lost. Assuming equal values for b.m.e.p., to obtain a 
given road performance with a given vehicle from different engines, the product 
of engine revolutions per mile and the swept volume of the engine must be equal 
regardless of the type of engine. To obtain the same vehicle performance with 
an engine which has a relatively low maximum speed it will be necessary to fit a 
correspondingly larger and heavier engine. The importance of bringing up the 
maximum speed is therefore obvious. 

The extent to which the air is utilised has a direct bearing upon the m.e.p. 
obtained, and thus exerts a very considerable influence upon the weight and size 
of the engine. It therefore reflects directly upon the suitability, or otherwise, 
of the resulting engine for transportation purposes. In these days when legal 
restrictions are placed upon the laden weight of a vehicle, the weight of the power 
plant becomes of prime importance, while for aircraft engines weight is, of course, 
an all-important point. 

Smoke, although of minor importance for aircraft, is out of the question for 
road work, and must therefore be eliminated if the engine is to find a place in this 
field. Apart from this somewhat personal factor, smoke indicates incomplete 
combustion, and, although in the case of the compression-ignition engine this does 
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not mean the production of poisonous gases, it does react adversely upon economy, 
which is, if we exclude the question of fire risk, the only justification for the 
existence of the high-speed oil engine. 

The question of noise is important, not only from the point of view of the 
public, but because the noise, which is sometimes accepted as inevitable in the 
oil engine, is in reality detrimental to the engine itself. 

The ‘** Diesel knock,’’ as it has been called, is evidence of shock, and, as will 
be shown hereafter, is a condition exactly similar to detonation in the case of a 
petrol engine. It indicates an excessive rate of pressure-rise, and is not infre- 
quently accompanied by abnormally high maximum pressures. The stresses 
resulting therefrom have a detrimental effect upon bearings, etc., producing 
cracking of the white-metal and similar troubles and so influence adversely the 
reliability of the engine. In addition, the public has become so used to the sweet 
running of the modern six-cylinder petrol engine that the relative roughness of the 
oil engine is a serious handicap to its speedy and general adoption. 

No efforts should therefore be spared to eliminate this trouble, and to this 
end the co-operation of the oil companies is essential. 


The Utilisation of the Air 


The problem of obtaining a high m.e.p. consists in devising means for the 
effective utilisation of the maximum possible percentage of the available oxygen 
at such a point in the cycle as will enable the maximum possible amount of work 
to be derived from the heat liberated. 

Before dealing with the process by which this end may be attained, it will 
be as well to ascertain what m.e.p. it is theoretically possible to obtain, or, rather, 
what will be possible after making due allowance for the inevitable losses which 
are sustained in all internal combustion engines. 

The fuels commonly available for compression-ignition engines have a 
calorific value of about 19,300 B.Th.U. per Ib., and require, approximately, 
15.5lb. of air per pound of fuel for their complete combustion. With such a fuel 
the energy which is liberated by the complete combustion of one cu. in. of air at 
N.T.P. will amount to :— 


(19,300 x 778)/(15.5 x 1,728 x 12.4)=45 ft.-lb. per cu. in. 

With both the thermal and volumetric efficiency at 100 per cent. the indicated 
m.e.p. which would be obtained from the combustion of such a mixture amounts 
to 45x 12=54olb. per sq. in. 

The maximum absolute volumetric efficiency ordinarily obtainable will be in 
the order of 85 per cent., while the thermal efficiency will vary with the expansion 
ratio of the engine. Taking the volumetric efficiency at 85 per cent., the maxi- 
mum indicated m.e.p. which will be obtained at different values of thermal effi- 
ciency will work out as shown in Table I. 


TABLE I. 
Eff. per cent. 30 32 
Max. 1.m.e.p. 138 147 156 165 174 183 193 202 211 220 229 


Provided that both the thermal and the combustion efficiency remain un- 
changed, the m.e.p. which will be developed for any quantity of air consumed less 
than roo per cent. will vary directly with the quantity consumed. It will, there- 
fore, be possible to determine directly the indicated m.e.p. which should be 
developed for any given fraction of air consumed under any given set of condi- 
tions. Fig. 1 shows the indicated m.e.p. which should be developed for any 
given quantity of available air consumed with an absolute volumetric efficiency 
of 85 per cent. and at the same values of thermal efficiency as were taken in 
Table 1. This diagram consists of a series of straight lines radiating from the 
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zero point of both ordinates, the slope of the line being a measure of the thermal 
efficiency. 

In the case of engines of the automobile type, it is more usual to speak in 
terms of the brake rather than the indicated m.e.p. This, however, introduces 
no difficulties. The only difference is that zero brake m.e.p. is obtained with a 
positive value of air consumed, instead of zero air corresponding to zero pressure, 
as in the case of the indicated m.e.p. 

The amount of air consumed at no load is that quantity of air which is re- 
quired to develop sufficient power to overcome the engine friction. The zero line 
for brake m.e.p. will thus be a line drawn across Fig. 1 at a height above the 
base line equivalent to the friction m.e.p. of the engine. 
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Conversely, having determined the brake m.e.p. and the corresponding 
amounts of air consumed, the friction m.e.p., and from it the indicated m.e.p., 
will be determined by prolonging the lower portion of the curve backwards until 
it cuts the zero air line. The negative value of pressure as read from the pressure 
ordinate will be the friction m.e.p. of the engine. That this method has a prac- 
tical value will be shown later when discussing actual results. 

In a petrol engine the combustion takes place in a more or less homogeneous 
mixture of fuel vapour and air. Every portion of this mixture thus contains the 
fuel and oxygen required for its combustion. As one part is consumed the com- 
position of the residue remains unchanged, and combustion will proceed as readily 
(and usually more readily) in the last part burned as it does in the first. No 
difficulty is therefore experienced in consuming the whole of the oxygen present, 
or indeed in utilising mixtures which contain a quantity of oxygen less than that 
required for the complete combustion of tle whole of the fuel provided. 
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In the case of the compression-ignition engine conditions are very different. 
The fuel is admitted in the form of a more or less finely divided spray at, or 
about, the time when combustion is required to start. Injection continues during 
a certain period of the cycle, and combustion proceeds more or less simultaneously 
therewith. The first particles of fuel to be admitted enter into an atmosphere 
rich in oxygen, and can readily take up all the oxygen they require for complete 
combustion. The early stages of combustion therefore proceed rapidly. As com- 
bustion continues, however, the amount of oxygen available diminishes, and the 
fuel admitted during the later stages will have increasing difficulty in searching 
it out. The rate of combustion consequently slows up, and the final stages will 
not be completed until somewhat ijater in the cycle. 

The useful work which may be derived from any given particle of fuel 
depends upon the amount of expansion which takes place after it has been con- 
sumed. It follows, therefore, that under full-load conditions this slowing up of 
the combustion will tend to produce a falling off of the efficiency and the m.e.p. 
developed will deviate from the straight line shown in Fig. 1. As the total quan- 
tity of air consumed increases the curve will thus tend to droop, the amount of 
droop growing greater as the 100 per cent. figure is approached. 
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The higher temperature associated with the use of the greater percentage of 
air will also tend to cause departure from the straight-line relationship. The 
amount of curvature from this cause is, however, much less than that arising 
from the slowing up of combustion, and is, in any case, quite beyond the control 
of the engineer—other than by a deliberate limitation as to the maximum quantity 
of air which is used. 

The problem of developing a high m.e.p. is thus seen to turn upon the ques- 
tion of maintaining the rate of combustion and at the same time utilising the maxi- 
mum amount of air. 

This slowing up of the combustion is not entirely without its advantages. 
It sets a limit to the maximum pressure, and it is frequently found that the 
maximum pressure remains unchanged, or practically so, over a fairly wide range 
of load; in fact, under some conditions it is found that the maximum pressure 
remains practically unchanged from no load to full load. 

A series of indicator diagrams illustrating this point and taken over a range 
of load from no load to full load are shown superimposed in Fig. 2. 

A closer examination of the condition revealed by such diagrams shows that 
the expansion during the working stroke at first approximates to isothermal 


HIGH-SPEED COMPRESSION-IGNITION ENGINE DEVELOPMENT 737 


conditions (though generally with a somewhat rising temperature), but later 
changes abruptly and becomes more nearly adiabatic. Under full-load conditions 
the isothermal portion of the expansion extends for an appreciable distance down 
the stroke. At the lighter loads the same isothermal curve is obtained at the 
commencement but is of shorter and shorter duration as the load decreases, until 
at the lightest loads the isothermal part may entirely disappear and a lower maxi- 
mum pressure be reached. This condition will be more clearly understood if 
the expansion curve is plotted on a log-log basis. Fig. 3 shows a series expressed 
in this way, but is diagrammatic only and does not represent an actual series of 
indicator diagrams. 
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Lxpansion curves on log-log basis. 


The limitation of the maximum pressure is not entirely due to the slowing 
up of combustion resulting from the difficulty of the fuel and air coming into con- 
tact with each other. The limit to the maximum pressure is usually reached at 
mean pressures well below the point at which any slow-up occurs. ‘This is proba- 
bly occasioned by a condition of thermo-chemical equilibrium being reached around 
the burning particles. This will be reached more readily in the compression- 
ignition engine on account of the high initial temperature from which combustion 
starts. The ratio of maximum pressure to compression-pressure is thus reduced 
as compared with petrol engines. 

That it is not the rate of injection which is responsible in these cases is shown 
by the fact that instances can be cited where the injection ends very shortly after 
maximum pressure is reached, and in some instances even before it is reached. 

To assist the fuel in its search for oxygen, the fuel and the air must be given 
a high velocity relative to each other. This may be done by imparting this 
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velocity either to the air or to the fuel. In actual fact both are in a state of 
motion in all engines. The very act of injecting the fuel imparts a velocity to the 
particles, while the original velocity of the air through the inlet valve gives it a 
turbulent motion, some, at least, of which will still remain when combustion 
Starts. 

Broadly speaking, however, engines may be divided into two classes ; those 
wherein the air has motion imparted to it, and those wherein motion is given to 
the fuel. 

Krom a theoretical standpoint it matters litthe whether the air or the fuel is 
chosen as the moving body. In actual practice, however, the air being gaseous, 
is essentially more mobile than the fuel, and it 1s consequently much more easy 
to impart to it the amount of motion essential for the rapid and thorough searching 
out of the oxygen. In addition, if so desired, it is possible to arrange for the 
air to traverse the combustion chamber several times during the injection period, 
and under any circumstances the motion will continue throughout the whole of 
the time occupied by combustion and well inte the expansion stroke. As com- 
bustion will never be completed by the time injection ceases, these latter two 
features are of considerable importance because the continued motion of the air 
will ensure that a steady stream of fresh oxygen particles is brought into contact 
with the burning fuel globules during the critical period, 

The fuel, on the other hand, is not so mobile. It requires to be given a 
high velocity and distributed in the correct proportion throughout the combustion 
chamber. Any given fuel particle can be given a straight-line motion only, and 
conditions must therefore be so adjusted that cach droplet will be consumed before 
it reaches the combustion chamber wall. Failure to do this will tend to produce 
imperfect combustion and an objectionable exhaust. 

With the fuel as the moving body the combustion chamber must, of neces- 
sity, be compact (in itself an advantage), and the spray made to fit it. This calls 
for the pepper-pot type of injector nozzle with its numerous small holes which 
are difficult to produce and troublesome to maintain in service. A much finer 
spray is required in order to ensure that the globule is consumed during its single 
journey from the nozzle to the opposite combustion chamber wall. This calls for 
higher injection pressures than are required with the other system, pressures of 
the order of 5,000 and 8,coolb. per sq. in. being met with as against 1,000 to 
2,000lb. per sq. in. which are used for the air-swirl type of engine. 

To maintain a rate of combustion proportional to the speed of the engine, 
the relative velocity of the fuel and air must increase as the engine speed increases. 
This is very simply performed without any difficulty when the air is chosen as the 
moving body. 

No matter what means are provided for giving the necessary motion to the 
air, the air velocity will increase directly as the piston velocity increases. 

With the fuel as the moving body conditions are not so simple. It is true 
that the speed of injection will increase proportionately with the engine speed, 
but at the same time the energy imparted to the fuel increases also, and with it 
the penetration and the tendency for unburned fuel to reach the combustion 
chamber walls. This latter is to some extent offset by the greater fineness of the 
spray, resulting from the higher injection pressure which will be produced as the 
result of the higher speeds, but the net result is an increased tendency towards 
over-penetration and the production of unexplored zones between the several jets 
of the injector nozzle, and overcharged zones in the direct line with the nozzle 
orifices. 


Generalising, it may be said that the utilisation of the air as the moving body 
provides a problem which offers considerably less diffic ulty in its satisfactory solu- 
tion, and is a system which more readily lends itself to the attainment of a good 
m.e.p. with a clear exhaust at the high rotational speeds which are necessary for 
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modern automobile and aircraft engines. On the other hand, the use of the fuel 
as the moving body allows the use of a simple open combustion chamber, and 
owing to the low turbulence and a more advantageous surface/volume ratio, makes 
starting the engine from cold a rather more simple operation. The speed range 
is, however, limited. 

Three methods of producing the required motion of the air are available. 
The motion may be imparted during the suction stroke by the suitable arrange- 
ment of the inlet ports, as is done by Mr. Ricardo in his sleeve-valve engines, or, 
when poppet valves are used, by a tangential arrangement of the inlet-valve ports, 
with or without masking. It may be obtained during the compression stroke by 
suitably shaping the combustion chamber as is done in the engine built by the 
author’s firm, and a number of others, or, it may be partly or wholly produced 
during combustion by providing for a portion of the air to be discharged into 
the combustion chamber during the early stages of the expansion stroke. 

The most effective form of motion appears to be an orderly swirl or rotation 
of the air as a compact body in the manner devised by Mr. Ricardo. An indis- 
criminate form of turbulence, such as is desirable in a petrol engine, appears to 
be quite unsuited for a compression-ignition engine. By the use of the orderly 
swirl the air is made to flow in a steady stream past the injector nozzle. The 
fuel is fed into the stream as it flows by, and is thus evenly distributed through- 
out the mass of air. Whichever method is adopted for obtaining the turbulence 
the amount of swirl will increase proportionately as the engine speed increases. 
The rate of fuel injection is, of course, under the direct control of the fuel pump, 
and, subject to minor variations from compressibility and spring in the system 
will consequently increase directly with the engine speed. It follows, therefore, 
that the distribution of fuel and air will be independent of engine speed. This is 
a point of the greatest importance if high engine speeds are to be obtained, as 
any fault in the distribution of the fuel and air will result in the production of 
smoke at the higher speeds. 

To maintain the relative velocity between the fuel and the air which is so 
necessary for rapid combustion, the fuel must be injected across the air stream 
and not with it. A continual stream of fresh oxygen molecules is thus brought 
into contact with the fuel particles, and by this means the rate of combustion is 
made to increase proportionately with the engine speed. 

It is frequently stated that high speeds are impossible with a compression- 
ignition engine because the rate of combustion imposes a definite limit. This is 
undoubtedly true in many cases but is not fundamentally correct, and provided 
that suitable means are adopted for ensuring that the fuel and air are brought 
into contact with each other at a rate which is proportional to the engine speed, 
the combustion can, and will, keep pace with the speed of the engine, as will be 
shown later. 

Plotting the m.e.p. which is developed against the quantity of air used, as 
described at the beginning of this section, provides a very valuable means of 
examining the engine performance. It shows just where improvement is, or 
should be, possible, and to what extent it may be expected. It also gives some 
indication as to the steps by which improvement may be sought. 

Starting from no load it will be found that the m.e.p. will at first increase 
directly with the quantity of air consumed, or very nearly so, just as the theoretical 
pressure does. Sooner or later, however, the curve tends to droop and may 
perhaps assume a gradual curve, or in ofher cases, after showing a slight amount 
of droop, turn suddenly over and rapidly assume a more or less horizontal 
direction. 

The point at which the droop assumes really serious proportions will depend 
very largely upon the effectiveness of the means employed for assisting the fuel 
in its search for oxygen. 
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The point at which the exhaust shows an appreciable amount of colour is also 
é of considerable assistance in the interpretation of the results; a pronounced early 
droop, without colour in the exhaust until a much larger amount of air has been 
consumed, is an indication that the air is not being used until late in the cycle 
either on account of lack of turbulence or too slow a rate of, or too late, injection. 
In extreme cases combustion may not be completed until the expansion stroke is 
completed. 

The presence of thick smoke when only a moderate percentage of air has 5 
been consumed indicates that the method of searching out the oxygen is inade- 
quate, that some parts of the combustion chamber are receiving an excess, while 
others are receiving a deficiency of fuel, and that an increase in turbulence or a 
change in nozzle design is called for. 
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Variation of m.e.p. with air used. 


With some types of combustion chamber a portion only of the air is imme- 
diately available for combustion, the remainder becoming so as expansion takes 
place. With this type, a definite change in the slope of the curve may take place 
at a point which roughly corresponds to the quantity of air to which the fuel has 
immediate access, a further droop taking place at a later stage. 

This method of plotting brings out very clearly the fact that the burning of 
a high percentage of the air does not necessarily mean a high m.e.p. The all- 
important point is where in the cycle the air is used. It is quite possible by the 
utilisation of only a moderate percentage of the air to produce as high an m.e.p. 
as that obtained by the utilisation of a much greater quantity. The former is, 
of course, to be preferred on account ofsthe greater thermal efficiency which it 
entails. The possibilities in this direction will be evident by referring again to 
the theoretical diagram Fig. 1. 

Fig. 4 shows a series of m.e.p./(air used) curves obtained from several 
different types of combustion chamber, and indicates very clearly the improvement 
which is still theoretically possible for each. 
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The quantity of air used may be very simply obtained by means of an ordi- 
nary Orsat flue gas-analysis apparatus. If used with an ordinary degree of care, 
the results obtained should be quite accurate enough for all practical purposes. 

A curve of precisely similar form will be obtained if the quantity of fuel 
injected per cycle, or the heat supplied per cycle, is used’ as a base instead of the 
quantity of air consumed (see Fig. 5). For many purposes this method is entirely 
satisfactory, and the necessary data for plotting are much more readily obtained 
since the part-load fuel consumption tests provide all that is required. The all- 
important factor, however, is the air actually used and, on account of the un- 
known factor of volumetric efficiency, this cannot be obtained with any degree of 
accuracy from this method of plotting. From such a curve it is therefore im- 
possible to state with any degree of certainty whether the appearance of thick 
smoke at a certain point is due to poor searching out of the oxygen or an excess 
of fuel consequent upon a Jow volumetric efficiency. This point becomes of addi- 
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tional importance at the higher speeds where the volumetric efficiency tends to 
fall off. In a petrol engine both the fuel and the air are affected by a drop in 
volumetric efficiency, but in the compression-ignition engine, the air alone is 
affected,* with the result that above a certain speed over-injection will result. 
It is therefore in the highest degree important to know whether a dirty exhaust 
is due to thi§ cause or to a change in the relative distribution of the fuel and air. 

By plotting the results obtained at several different engine speeds it will at 
once be apparent how effective are the means for accelerating combustion. If 
combustion conditions remain unchanged precisely similar curves will be obtained. 
There may—and almost always will be—-some difference between the various 

* This is not strictly true, as the quantity of fuel delivered per cycle does change slightly 
with the speed. The change may, however, be an increase or decrease according to the 
characteristics of the individual fuel pump. 
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curves. With the same fuel charge the m.e.p. changes somewhat with speed, 
and plotting the results obtained at a number of different speeds will at once show 
how much of the change is due to a change in combustion efficiency, and how 
much to a change in mechanical efficiency. For such a check the m.e.p. plotted 
against the fuel per cycle will provide all the information necessary. 

Fig. 5 shows the results obtained from a six-cylinder engine at 1,000, 1,500, 
and 2,200 r.p.m. These curves, as will be seen, are almost exactly parallel, but 
are displaced somewhat vertically. That is, the m.e.p. developed for a given 
quantity of fuel injected has decreased somewhat with speed. The slope of the 
curve being a measure of the thermodynamic efficiency, it follows that as the 
curves are parallel, the thermodynamic efficiency at any particular quantity of 
air consumed has not changed. Such a change as is shown must therefore be 
due to a change in mechanical efficiency. 
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It was mentioned earlier that by the simple process of producing the lower 
end of the curve backwards until it cuts the pressure ordinate at zero air, or zero ; 
fuel, the friction m.e.p. can be obtained. By doing this to the three curves shown 
in Fig. 5 and adding the friction m.e.p. so obtained to the respective curves, and 
replotting the indicated m.e.p. which are thereby obtained, the curves in Fig. 6 
result, and show very clearly that the thermodynamic efficiency remains practically 
unchanged at all three speeds save for a small falling away at the upper end of 
the higher speed curve. This is probably due to a slight falling off in the volu- 
metric efficiency which will, of course, be most noticeable under full-load 
conditions. 

As a point of interest, by the use of an clectric dvnamometer designed to 
feed back into the main, the author has succeeded in obtaining readings at an 
output considerably less than no load. These readings showed that the combus- 
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tion efficiency was maintained down to a very low value of indicated m.e.p., as 
shown in Fig. 7. 

From the point of view of combustion there is no reason why the speed of 
an oil engine should be any less than that which is attained by a petrol engine. 
One difficulty which does not confront the petrol engine designer is that at ex- 
treme speeds the drop in volumetric efficiency increases the quantity of fuel rela- 
tive to the available oxygen with the result that black smoke will be produced. 
This is, of course, an entirely different matter from smoke produced by the in- 
effectual search for oxygen which is actually present but cannot be used. 
Fortunately, not having to consider questions connected with fuel distribution 
in the intake manifold it is possible to provide an oil engine with a manifold of 
considerable cross-section, and by this means maintain the volumetric efficiency 
at a higher figure at top speed than can be done with a petrol engine. The author 
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has reached engine speeds of 3,000 r.p.m. and over under road operating condi- 
tions and 2,750 r.p.m. on the test stand without any sign of the engine speed 
out-running the combustion. All indicator work has been carried out on a single- 
cylinder experimental engine only, and owing to lack of balance 2,000 r.p.m. is 
the maximum speed possible with this engine. No indicator cards are therefore 
available at speeds above this figure. 

It would appear that under no circumstances is it possible to utilise econo- 
mically the whole of the available oxygen. This is quite understandable from 
the very nature of the process of combustion which is employed. The maximum 
quantity which can be used, with due regard to economy, will be very greatly 
influenced by the effectiveness of the means adopted for assisting the fuel in its 
search for oxygen. Generally it will be found that smoke will make its appear- 
ance as soon as any very marked falling off in efficiency occurs: that is assuming 
that other factors, such as the injection timing, are correct. About 85 per cent. 
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of the oxygen appears to be the maximum which can be utilised and a clear 
exhaust be retained. By allowing a certain amount of colour in the exhaust it 
is nearly always possible to obtain an increase in m.e.p. without too great a 
sacrifice in economy. How far advantage can be taken of this will depend very 
largely upon the service for which the engine is intended. For road work a 
colourless exhaust is essential. 

The aim of the designer should be to carry the straight-line portion of the 
m.e.p./(air used) curve to as high a point as possible. In most cases far more 
could be gained in this direction than from an increase to the maximum quantity 
of air consumed. In fact, some decrease in the maximum quantity of air used 
could be tolerated for the purpose of straightening out the curve. An all-round 
halance must, however, be made, and every relevant factor taken fully into con- 
sideration. As in all engineering, the final result must be a compromise of 
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number of more or less conflicting requirements, and it is obviously of little use 
to obtain a perfectly straight m.e.p./(air used) diagram if the resulting engine 
is not suitable for the requirements of the service for which it is intended. 
Although it is not proposed to discuss this side of the question, it may be 
mentioned that supercharging appears to offer a means for straightening out the 
diagram. By its adoption the quantity of oxygen which will be available before 
it becomes too rarefied will be much greater and a much higher m.e.p. should 
be produced in a given cylinder before the straight-line relationship is departed 
from. In addition, the maximum temperature reached for a given weight of fuel 
injected into a given cylinder will be less with a supercharged than with a normally 
aspirated engine, and a somewhat greater efficiency will thus be obtained. 


Compression Ratios and Compression Temperatures 


The engine being dependent for ignition upon the temperature of compression, 
it is essential that a temperature adequate for this purpose should be reached 
under all conditions of operation. 


= 


HIGH-SPEED COMPRESSION-IGNITION ENGINE DEVELOPMENT 745 


The actual value of the temperature reached depends upon a number of 
factors, the chief of which is the compression ratio. Compression takes place 
under more or less adiabatic conditions, so that the temperature may be calculated 
from the usual expression for adiabatic compression 


te=ts x Rr-} 


where tc=the final compression temperature, fs the initial temperature, both 
measured on the absolute scale, and =the compression ratio. 

The exact value of y is a matter of some uncertainty, and is generally 
assumed to be somewhat less than the theoretical value of 1.4, from 1.30 to 1.35 
being considered to be more nearly the actual value. 

Fig. 8 shows the temperature measured in terms of the final suction tem- 
perature, which will be reached with compression ratios commonly employed for 
high-speed engines and with values of y from 1.30 to 1.40. 
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Two conditions of operation have to be considered, namely, starting the 
engine from cold, and continuous running after the engine has reached its normal 
operating temperature. Under cold-starting conditions the final suction tempera- 
ture will be that of the surrounding atmosphere. This is normally somewhere 
about 15° to 20°C., say, 290°C. absolute, but may, under winter conditions, be 
considerably below this figure. 

When starting, crankshaft speeds are low, not more than roo to 150 r.p.m. 
at the most. The combustion chamber walls are cold and the heat loss during 
compression will, therefore, be relatively great. The value of y may therefore be 
expected to be of a somewhat low order, how low depending largely upon the 
type of combustion chamber employed. In Fig. g are shown the maximum 
temperatures which will be reached from a suction temperature of 290°C. for the 
same values of R and y as were taken for Fig. 8. 

The ignition point, measured in air at atmospheric pressure, of the fuel oils 
commonly available, varies from about 340°C. up to 450°C., but for most of those 
available in this country the value is something less than goo°C. From Fig. 9 
it would appear that unless a value of y is obtained which is in excess of 1.325, 
the temperature reached will scarcely exceed the ignition point of many fuels. 
The effect of pressure, however, is to reduce the ignition temperature and so 
considerably modifies the situation, but an ample margin of temperature in excess 
of the ignition point of the fuel will be required in order to guarantee ignition, 
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and unless this can be assured under all possible conditions, some extraneous 
source of heat must be supplied. 


The question of starting from cold is very greatly modified if some external 
source of heat is used to ensure ignition during the first few cycles, and the ques- 
tion of starting may thereby be relegated to a position of secondary importance 
as compared with other considerations. 


The means of supplying this additional heat usually takes the form of elec- 
trically-heated ‘‘ glow plugs ’’ or some form of cartridge. In some designs the ) 
provision of means for temporarily increasing the compression ratio has been 
successfully employed, a ratio of about 20:1 being used for this purpose. 


A point which must not be overlooked is that the compression ratio which 
determines the compression temperature is the ratio measured from the position 
occupied by the piston at the moment at which the inlet valve closes, and not the 
ratio which is calculated from the total swept volume. The difference between 
these two may amount to as much as two whole ratios when a high-speed valve 
timing is employed, and will be not less than one ratio with almost any timing 
suitable for automobile purposes. 


Under normal running ¢onditions the final suction temperature will be at a 
figure considerably above that of the surrounding air, and the loss of heat during 
compression will be very materially reduced on account of the higher temperature 
of the cylinder walls, etc. The compression temperature under running condi- 
tions will thus be materially higher than that reached under starting conditions, 
and it would be possible to operate an engine, once it has been started, upon a 
much lower compression ratio than that which would be required for starting 
purposes only. 

Based solely upon the question of ensuring regular ignition, it would be 
possible to utilise a much lower ratio than is actually given to an engine, even 
when starting conditions are taken care of by some such means as have just been 
described. A considerable margin of temperature must, however, be provided 
over that which is just sufficient to produce ignition. This is necessary, not 
only to allow for the inevitable slow loss of condition which the engine will suffer 
in service, but to give that smoothness of operation which is necessary if the 
engine is to be acceptable to the operator and to prove mechanically satisfactory. 

It is not possible to make definite statements as to the most suitable com- 
pression ratio as so much depends upon individual designs. The surface/volume 
ratio of the combustion chamber, the amount of turbulence, the presence of un- 
cooled areas, the final suction temperature, etc., will have a very decided influence 
upon the final compression temperature, and differences amounting to many 
degrees may exist between engines of similar size and using the same compression 
ratio. 

The most suitable compression ratio must be determined experimentally for 
each new design and also, to some extent, for the particular fuel which is to be 
used. This latter point does not arise to any very serious extent with the fuels 
commonly available in this country, although even. here there is a noticeable 
difference, but with the fuels available in some parts of the world, particularly in 
the East, this point has to be taken into account, and should tar oils be seriously 
considered, the point will assume supreme importance. In the compression- 
ignition engine we have a problem the direct opposite of that which faces the 
petrol engine designer: whereas he is concerned with the highest usable com- 
pression ratio, we are more concerned with the lowest usable compression ratio, 
and the penalty for stepping over the border is the same in each case—knocking. 

_ From present-day practice it would appear that the useful ratio varies from a 
minimum of about 13:1 up to a maximum of about 16:1, the more general 
figures, however, being from about 14.5:1 to 16:1. \ 
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Theoretically, the higher compression ratios are to be preferred on the score 
of efficiency, but in actual practice it appears that there is little, if any, gain in 
this direction from going beyond a ratio of 12:1. From the point of view of ease 
of starting and general smoothness of operation, however, the higher values may 
be used with advantage. An even greater ratio might be advantageous under 
certain conditions, or with certain fuels, were it not for the fact that with cylinders 
of the size ordinarily met with in automobile and aircraft engines, the compres- 
sion volume becomes inconveniently small, and the volume occupied by the neces- 
sary mechanical clearance will, in many designs, assume a disproportionately 
large part of the whole. Also, the increase in surface/volume ratio as the com- 
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Variation in compression pressure with load. 


pression ratio is increased will, to some extent, tend to offset the theoretical 
advantage of the higher ratio on account of the greater heat loss during 
compression. 


It is sometimes claimed that high compression pressures mean corre- 
spondingly higher maximum pressures and thus result in a heavy engine. This, 
however, is not necessarily the case; in fact, the reverse is the truth in many 
instances. The higher compression temperature resulting from the high ratios 
tends to produce a much more smooth running engine. This is due to reduction 
in the delay period and the consequent reduction in both the rate of pressure rise 
and the magnitude of the pressure reached. Low compression temperatures 
mean big delay periods with a rapid and great pressure rise. 


As already indicated, compression ratio is not the sole governing factor of 
compression temperature, the heat loss to the cylinder walls has a very marked 
influence. Mr. Ricardo has drawn attention to the progressive increase in rough- 
ness which is sometimes experienced with a decrease in load. An engine which 
will operate with perfect smoothness under a high load factor may show distinct 
signs of roughness when running under light loads. This experience appears 
to be fairly general, and is particularly noticeable under starting conditions and 
also when running light. It is under this latter condition that most high-speed 
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engines appear at their worst, and this is almost entirely due to the reduction in 
compression temperature which follows upon a reduction in load. 

The lower cylinder wall temperatures at reduced loads result in a smaller 
quantity of heat being picked up by the air during the suction stroke. In addi- 
tion, the temperature of the residual exhaust gases is lower, and the amount of 
pre-heating which the air receives before passing the inlet valve is probably less. 
The final suction temperature is therefore lower. 

During the compression stroke the colder walls tend to produce an increased 
loss of heat, and the resulting decrease in compression temperature is quite 
appreciable, and is, in some instances, great enough to produce a noticeable reduc- 
tion in the compression pressure. 

This decrease in compression pressure is very clearly illustrated in Fig. 10, 
which shows a series of indicator diagrams taken between no load and full load 
at 1,000 r.p.m. An additional card is shown which was taken while the engine 
was motored at the same speed, but before the heat of compression had had time 
to warm up the cylinder walls appreciably. 
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Fig. 11 shows the maximum pressures recorded on these diagrams plotted on 
a base of fuel injected per cycle, i.¢., the quantity of heat provided per cycle. 
This shows even more clearly the striking variation in pressure which is produced. 
The difference in pressure between full load and no load amounts to as much 
as 6olb. per sq. in., while that between full load and a practically cold engine 
amounts to 7olb. per sq. in. It should perhaps be mentioned that, in order to 
obtain a definite measurement of the compression pressure, the injection point 
was retarded, so that no rise in pressure due to combustion occurred until after 
the top dead centre was passed. This may perhaps have changed the heat condi- 
tions slightly, but not to any very great extent. The conditions, however, are 
the same for each diagram, and the results are, therefore, relative. 

In view of this great variation in compression pressure, it will be of interest 
to attempt to gain some idea of the difference in temperature which the changes 
in pressure represent. 

If the initial temperatures were the same under all conditions of load, the 
changes in absolute compression pressure would represent corresponding changes 
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in the absolute compression temperatures. The temperatures at the end of the 
suction stroke will, however, decrease with load, so that the differences in the 
final compression temperatures will be greater than those which the differences 
in pressure suggest. Based upon the pressure difference alone, the difference in 
temperature between no load and full load amounts to rather more than 10 per 
cent., measured on the absolute scale. 

The engine from which these diagrams were obtained has a compression 
ratio of 14.5 measured from the position occupied by the piston at the moment 
when the inlet valve closes. The sizes of the inlet valve and ports are ample, so 
that, at a speed of 1,000 r.p.m., it is reasonable to assume that the pressure will 
have reached that of the atmosphere when the inlet valve closes. 

Working on this assumption we are able to determine the ratio between the 
final compression pressure and the initial pressure, and from this and the com- 
pression ratio we can determine the ratio of final suction temperature to final 
compression temperature, thus :— 

P,V,/T,=P,V,/T, 

The determination of the true final suction temperature offers some difficulty, 
but by making reasonable assumptions we can arrive at some sort of an 
approximation. 

Some actual exhaust temperature measurements gave a temperature in the 
neighbourhood of 500°C. at full load, and 100°C. at no load. Using these two 
figures, and assuming that the temperature of the air after admission and before 
mixing with the residual exhaust gases is 320°C. absolute at full load, and 310°C. 
absolute at no load, the final suction temperature at these two loads works out at 
333°C. absolute for full load, and 313°C. absolute at no load. The resulting 
compression temperatures at the two loads will then work out at :— 


625/14.7 x 333/14-5=975°C. abs. or 702°C, at full load, 
565/14.7 X 313/14.5=830°C. abs. or 557°C. at no load, 
a difference of 145 degrees C. between full load and no load. 


TABLE II. 


Compression- 
B.M.E.P. Fuel Pressure 
Ib. per per Cycle Ib. per sq. in. 
sq. in. mm? G. A. °C. abs. abs. “C. 
96.5, 112 610 625 2.6 225 976 703 1.403 
93.6 08 600 615 41.9 32 948 675 1.397 
7.5 86 585 6co0 40.8 326 917 644 1.386 
78.5 76 572 587 40.0 328 890 617 1.380 
70.0 65 570 585 39.8 321 880 607 1.378 
56.0 50 560 575 39-2 319 R62 599 1.372 
440 45 500 575 30-2 316 854 581 1.372 
20.300 34 500575 30-2 850057714372 
33 27 550 5605 385 313 830 553 1.364 
o 540 037-8 293,705 21.358 


The figures for the whole series are shown in Table II. In working these 
out it was assumed that the final suction temperature increased uniformly with 
the amount of fuel injected. The value of y from each card is included also, and 
is derived from the usual equation :— 

P,=P,Ry. 

These figures cannot, of course, be considered as other than approximate. 
They will, however, have a relative value, and will serve to illustrate the magni- 
tude of the difference in compression temperature which is possible under different 
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conditions of load. It must also be borne in mind that with an engine of a type 
different from that used for these experiments, results might be obtained which 
differ materially from the figures quoted. 

The influence of the engine speed upon compression pressure, and therefore 
temperature, is very clearly indicated in Figs. 12 and 13. Fig. 12 shows the 
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actual compression curves as taken by the Farnborough indicator, while Fig. 13 
shows the compression pressure plotted against the speed. The normal full-load 
From these diagrams it will be noted that 


pump setting was used in each case. 
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the compression pressure increases from 54olb. per sq. in. at 500 r.p.m. to 68olb. 
per sq. in. at 2,000 r.p.m. 

Fig. 13 shows that the compression pressure increases, roughly, directly 
with the speed. An analysis of temperature by the methods adopted for the 
varying load series is open to certain objections when applied to a considerable 
range of speed variation. At the higher speeds some change of volumetric 
efficiency is almost certain to occur and so introduces an unknown factor. 

The use of the compression ratio as determined by the point at which the 
inlet valve closes will to some extent neutralise the effects of any change in the 
volumetric efficiency, and as the influence of any change will almost certainly 
result in the calculated temperatures being lower than the true temperatures, it 
will be well worth while to make the calculation on account of the tremendous 
differences in pressure shown in Fig. 13. For simplicity it has been assumed 
that the final suction temperature remains unchanged at 333°C. absolute. This 
assumption is probably not entirely justified, as the final suction temperature will 
undoubtedly tend to increase with speed. No readings were, however, available 
which would enable a more accurate estimate to be made, and any discrepancy 
will again be on the low side at the higher speed. 


TABLE III. 


Compression-Pressure, 


Ib. per sq. in. e Compression Temperature. 


R.P.M. G. A. °C. abs. 
500 540 565 38. 4 880 605, 1.36 
750 5605 580 39-5 905 630 1.374 

1000 595 O10 41.5 953 680 1.391 

1250 605 620 42.2 97 695 1.40 

1500 650 665 45-2 1035 760 1.425 

1750 665 680 46.3 10060 785 1.435 

2000 685 7CO 47.0 10gO0 815 1.445 


The results obtained are shown in Table III. The compression temperature 
shows an increase of from 605°C. at 500 r.p.m. to 815°C. at 2,000 r.p.m. This 
increase in temperature with speed is a very desirable factor. It goes far to 
explain the improved smoothness which is obtained with some engines with an 
increase in speed. It also very materially assists the combustion in keeping pace 
with engine speed, and, taken in conjunction with ample turbulence, makes really 
high engine speeds possible. It also explains why with this particular engine the 
optimum injection setting is practically constant at all speeds, very little improve- 
ment being obtained by adjusting the injection point for each speed. 

The values given for y at the higher speeds will doubtless call forth some 
criticism. The increased compression pressures at high speeds are, however, 
invariably recorded with the type of engine upon which the author’s investigations 
have been carried out. The explanation appears to be that in this particular 
engine the fresh charge is passed during the compression stroke at a high velocity 
through a relatively small orifice in a practically uncooled part of the combustion 
chamber, and thus picks up a considerable amount of heat. That this is actually 
the case is shown by the fact that the part referred to does not reach a tempera- 
ture high enough to keep it burned clean of carbon, a thin Jayer of which is 
invariably found upon the surface, despite the fact that during the expansion 
stroke the whole of the hot gases pass out through the same orifice. The com- 
bustion of a certain amount of lubricating oil has been offered as an explanation, 
but the smallness of the consumption, and the influence of load already referred 
to, negative this sug‘estion. 

The figures quo.ed above are, of course, the maximum temperature reached 
(subject to any modification for incorrect assumptions), but, as a general rule, 
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injection commences somewhat before the end of the compression stroke, and it 
is the temperature which exists at the moment at which injection begins which 
more directly influences the commencement of combustion. The probable varia- 
tion in temperature for that part of the compression stroke during which injection 
takes place is shown in Fig. 14. This diagram is based upon the conditions 
prevailing at 1,000 r.p.m., and shows the temperatures when running under full 
load, no load, and with the cold engine motored over, the conditions assumed 
being the same as those for Table II. The decrease in temperature which is 
experienced for relatively small amounts of advance is thus seen to be quite 
appreciable, particularly at the lighter loads. 
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Variation in temperature during compression stroke. 


The tendency towards roughness at light loads will be increased if it is not 
possible to arrange for some part of the combustion chamber to reach a high 
temperature. It is, of course, possible to arrange for a hot spot to exist in 
almost any design of combustion chamber. The difficulty in some designs is to 
prevent it from exerting an adverse influence upon the volumetric efficiency. To 
this end the hot spot must be situated in such a position that the incoming air 
will not come into contact with it during the suction stroke, but will flow past it 
during the compression stroke. Preferably the hot spot should be in the neighbour- 
hood of the injector, and may be conveniently arranged so as to form the target 
for any fuel which, owing to over-penectration, reaches the opposite wall. The 
fuel will then strike a surface which is at a temperature high enough to prevent 
the fuel from wetting it and thus avoid the production of blue smoke and the 
objectionable smell which results if this occurs. 
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One method which has been used for maintaining the compression tempera- 
tures at light loads is to pre-heat the air before admission to the cylinder. The 
difficulty with this system is that under light load conditions the exhaust tempera- 
tures are very low and a relatively large amount of surface is therefore required 
to obtain any appreciable increase in temperature. In this connection it is of 
interest to note that an increase in final suction temperature of rather more than 
50 degrees C. would be required in order to offset completely the difference in com- 
pression temperatures between full load and no load for the condition reproduced 
in Table II. 


The Process of Combustion 

The commonly accepted idea as to the sequence of events which takes place 
immediately after injection is something as follows:—The fuel, having been in- 
jected in a finely divided state, first vaporises, then mixes with the air, and finally, 
the mixture having been ignited by the heat of compression, burns in a manner 
similar to, but at a lower rate than, that which occurs in a petrol engine, the 
final stages being more or less under the control of the fuel pump. 

While it is not suggested that some such sequence of events may not occur 
in some engines, and possibly in all engines under certain circumstances, the 
author maintains that anything approaching such a process is entirely opposed 
to the requirements of smooth operation, and that an approximation to it is indeed 
the cause of the well-known knock which has so troubled all experimenters with 
compression-ignition engines. He contends that if a really smooth running 
engine is to be produced, all possible means must be employed to prevent any- 
thing approaching this sequence from occurring. 

The basic idea which underlies the principle of fuel injection is combustion 
control. Quite early in the development of internal combustion engines it was 
found that where the fuel and air are admitted simultaneously during the suction 
stroke, the control over the rate of combustion is entirely lost if the compression 
ratio is increased beyond a certain limited figure. The production, therefore, of 
anything approaching a fuel vapour/air mixture in a compression-ignition engine 
is directly opposed to any idea of combustion control, 

The author’s idea of the sequence of events is as follows :—The fuel having 
been injected in a finely divided state into the highly heated air, at once starts to 
absorb heat, and as soon as the initial boiling point is reached vapour will com- 
mence to form. If the compression temperature is sufficiently above that of the 
spontaneous ignition point of the fuel, the vapour will ignite almost as it is formed, 
and combustion will proceed in an orderly manner from the surface of the liquid 
droplets without any intermediate vaporisation and mixing stage. The condi- 
tions are really identical with those existing when oil fuel or pulverised coal are 
burned under a steam boiler. Should, however, the temperature of compression 
be insufficient to cause the instantaneous ignition of the vapour as soon as it is 
formed, the vapour will accumulate until such time as ignition does finally take 
place. During the interval the vapour and air will become mixed to form a com- 
bustible mixture such as exists in a petrol engine. Under these conditions com- 
bustion, when started, takes place in an explosive gaseous mixture instead of 
originating on the surface of the liquid droplets and will therefore proceed at a 
very much greater rate. In addition, as the ignition is produced by raising the 
mixture as a whole to its ignition point, combustion will commence spontaneously 
throughout the mass and under entirely uncontrollable conditions. An excessive 
rate of pressure rise is thus produced which results in the well-known knock. 
Under certain circumstances the rate of pressure rise may be so great as to 
produce an almost vertical combustion line on a Farnborough diagram. 

The magnitude of the knock will depend upon the amount of fuel which has 
been vaporised; a smal! amount may have little or no effect, but should any 
appreciable quantity have been vaporised a knock is inevitable. 
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The conditions produced are precisely similar to those which go to produce 
detonation in a petrol engine, i.¢., an inflammable fuel/air mixture is raised by 
adiabatic compression to its self-ignition point, and consequently ignites instan- 
taneously throughout its whole mass. In the case of the petrol engine, detona- 
tion takes place in the last part of the mixture to be consumed, and the amount 
of mixture involved will vary considerably, but is generally confined to a relatively 
small quantity contained in that part of the combustion chamber most remote 
from the point of ignition. In the compression-ignition engine, however, the 
knock is produced by the first part to be consumed, and a much farger quantity 
may therefore be involved The mixture strength may be—and probably nearly 
always is—well outside the usable range of mixture strengths as understood in 
petrol engine work, but the method of producing ignition ensures the combustion, 
and at detonating rates, of mixture which could not be ignited by any other means. 


The Delay Period 

The delay period, or time lag, which exists between the moment at which 
injection commences and the appearance of the pressure rise due to combustion, 
plays a vitally important part in the successful operation of the engine. 

It is during this period that the knock originates; in fact it may be said 
without fear of contradiction that it is the delay which produces the knock. The 
greater the delay the greater the chance of vaporisation taking place, and the 
greater therefore the explosive value of the fuel/air mixture which will be pro- 
duced. Also, apart from vaporisation, the longer the delay the greater the quan- 
tity of fuel which will have been introduced into the cylinder before ignition takes 
place. This fuel, even if in a liquid form, will, as a rule, have become fairly 
well mixed with the air, and combustion once started can therefore propagate at 
a much greater rate. A large number of liquid globules well distributed can 
produce an undesirably high rate of pressure rise even without the presence of 
vaporisation, combustion taking place in a manner similar to the dust explosions 
which sometimes occur in mines and mills. 

It is axiomatic that the greater the quantity of fuel that is within the evlinder 
when ignition occurs, the less control we have over the manner in which combus- 
tion takes place. The ideal condition would be for the very first particle of fuel 
to ignite as it leaves the injector nozzle, and we should then have complete control 
over combustion, and could vary the rate of pressure rise to any desired extent 
by regulating the rate of injection. 

Some short delay period appears to be inevitable. The conditions which 
govern the extent of the delay are numerous and very largely interrelated. The 
compression temperature, the ignition temperature and other characteristics of 
the fuel, the amount of advance, the type of combustion chamber, and the amount 
of turbulence are probably the chief factors. The size of the fuel globules and 
the temperature of the fuel before injection will also uradoubtedly have some 
influence. 

The influence of compression temperature will be obvious, and the higher the 
compression temperature the less will be the delay and vice versa. The smoother 
running which accompanies an increase in compression ratio is well known. — All 
of this improvement cannot, however, be attributed to the higher compression 
temperature as the increased pressure has an influence also. An increase in 
pressure has a tendency to reduce the ignition temperature of the fuel, and any 
reduction in the ignition temperature will have the effect of reducing the delay. 
An increase in pressure also tends to suppress vaporisation, and thus reduces the 


possibility of an explosive mixture being formed. An increase in compression 
ratio thus has a very complex influence. The actual governing influence so far as 


temperature alone is concerned is probably the difference in temperature between 
the ignition point of the fuel and the compression temperature. 
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The amount of advance may be said to act in a manner similar to a change 
in compression ratio, Advancing the injection results in the fuel being admitted 
into a colder and less dense atmosphere. The general tendency of this will be 
to increase the delay. This is very clearly shown by the series of indicator dia- 
grams, Fig. 15. These were taken at a fixed speed and quantity of fuel injected, 
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the injection point alone being varied. As the amount of advance is increased 
the delay period increases also, together with the maximum pressure, the brake 
m.e.p. and the rate of pressure rise and also, unfortunately, the knock. The 
delay increases in this case more or less directly with the advance, as will be seen 
from Fig. 16, which shows the delay and the maximum and mean pressures 
plotted against the injection advance. 

An increase in delay with advance does not, however, hold for all types of 
combustion chamber, as is shown by the series of diagrams, Fig. 17. These were 
taken under similar conditions from an engine which had a different form of 
combustion chamber and a slightly higher compression ratio than that from 
which the previous diagrams were obtained. In this engine a vigorous swirling 
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FIG. 17. 


Effect of advancing injection on delay period with air swirl. 


motion was given to the air, and the delay decreases with an increase in advance, 
and although there is an increase in maximum pressure in more or less direct 
relationship with the advance, the mean pressure remains unchanged over a wide 
range of advance, as shown in Fig. 18, while, in addition, no knock was produced 
except with the maximum amount of advance used in this series. 

The amount of advance required by the second engine was very much less 
than that required by the first, the maximum amount in the second series being 
less than the smallest amount in the first series, and may to some extent account 
for the difference. This difference cannot be accounted for by the difference in 
compression ratio, which was 15.5: 1 for the first, against 16.2: 1 for the second 
(taken on the basis of total volume to compression volume). In both of the 
engines the air was the moving body, but in the second a much more definite 
and orderly motion of the air was present, in the form of a high-speed rotation 
of the air in a spherical combustion chamber. 

To show the conflicting nature of the information regarding delay which is 
obtained from different designs, the indicator diagrams shown in Fig. 19 are 
included. These were obtained from an engine in which an attempt was made 
to produce a swirl in a more or less open type of combustion chamber. The 
amount of swirl obtained was relatively small. An open type of injector was 
used. On these diagrams the fuel pressure diagram from the injector system is 
shown also. It will be seen that both the delay and the amount of advance are 
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tremendous, and result in a very high maximum pressure. The operation of the 
engine was, however, exceptionally smooth, and the regularity of the combus- 
tion line is little short of astonishing. The general performance of the engine 
was, however, poor, and the exhaust became coloured at quite low value of mean 


+ + 
©800}-+—+ 
Qa. | 
}—} 
a 
B= 
14 = 
13 = 
12} 
Ss | 
o 9 
| IN 
| 


£2 
12 3 58 6 7 8 9 11 42.13 
Injection advance deg. 


Fic. 18: 


Effect of ignition advance on b.m.e.p. 


\ 
Kia. 


Effect of advancing injection on delay period with air, swirl. 


758 C. B. DICKSEE 


pressure. Fig. 20 shows the delay angle and the maximum and mean pressures 
plotted against advance angle. 

This brings in the questions of combustion chamber form and turbulence. 
These two are almost inextricably interconnected. Almost any change in form 
or even a detailed change in the shape of a given combustion chamber will result 
in some change in turbulence either of degree or kind. No form of combustion 
chamber is entirely free from turbulence, although some are relatively so, and 
any modification in shape will have some influence. When all is said and done, 
the real object of most of the combustion chambers other than the plain open type 
is an endeavour, consciously or unconsciously, to produce turbulence. 

Turbulence is undoubtedly a factor influencing both delay and knock as well 
as augmenting the rate of combustion, and at the moment it is difficult to give a 
satisfactory explanation as to just how it influences them. — It is undoubtedly true 
that too high a rate of swirl tends to produce a knock. 
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With the same type of combustion chamber as that from which the results 
shown in Figs. 17 and 18 were obtained, but arranged so as to produce a much 
greater swirl velocity, the knock produced was simply terrific, although the per- 
formance obtained in other directions was quite good. This point has been raised 
by Mr. Ricardo,* who states that he has found the best results were obtained 
when the speed of swirl was ten times the crankshaft speed, higher speeds pro- 
ducing rough running, and lower speeds a decrease in performance. 

The influence of excessive turbulence is probably twofold; the higher ait 
velocity results in an increased loss of heat during compression, particularly 
during the later stages when the density of the charge assumes appreciable pro- 
portions, and at the same time there is probably a more uniform distribution of 
the fuel globules throughout the combustion chamber, accompanied by a_ finer 
degree of atomisation and a greater tendency therefore to produce the dust explo- 
sion type of combustion already referred to. It is also possible that the highe1 
velocity tends to produce a greater rate of vaporisation in accordance with the 
well-known physical laws. 

The influence of load upon delay is illustrated by the series of diagrams, 
Fig. 21. These were taken at a constant speed with loads of from 7 b.m.e.p. up 
to 95 b.m.e.p. The injection setting was the minimum which would produce the 
maximum m.e.p., except in the case of the lightest load, where, in order to avoid 


* See Proc. I.A.E., Vol. XXIV., p. 658. 
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an occasional misfire, it was necessary to advance the injection a little beyond 
this point. The delay, it will be noted, decreases steadily with the increase in 
load until a minimum of 54 degrees is reached. Fig. 22 shows the delay angles 
plotted against both advance and b.m.e.p. These figures are representative of 
the particular engine from which they were obtained. They cannot, however, 
be considered as illustrating the influence of any one factor. The maximum com- 
pression temperature, compression pressure (as explained previously) and injec- 
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tion point, all vary. The decrease in advance with a decrease in load will, how- 
ever, tend to compensate for the decrease in both compression temperature and 
pressure which goes with the smaller load, and the series serves very well to 
illustrate how complicated is the whole question. The increased steepness of the 
combustion line as the load decreases indicates the tendency towards roughness 
at the lighter loads referred to already. 
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It has sometimes been found that a change in injection pressure will produce 
a material change in smoothness, and that pressures both above and below a 
certain figure produce increased roughness. This effect is probably due to globule 
The rate at which the globule will absorb heat will depend, amongst other 


things, upon its surface/volume ratio. The inference is that the delay will decrease 
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as the globule size decreases. The decrease in globule size, however, results in an 
increased number of globules being introduced in a given period, and probably 
a better distribution, and this tends to increase the rate of combustion. It is, 
therefore, reasonable to suppose that there is an optimum globule size which, 
taken in conjunction with other existing conditions, will produce the maximum 
smoothness, or rather minimum roughness, of operation. 
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The delay period is, of course, of vital interest when the question of a wide 
| variation of speed is considered. If conditions are such that the delay is constant 
in time, it follows that when measured in degrees of crankshaft rotation the delay 
will increase in proportion to the engine speed. The engine might thus reason- 
ably be expected to increase in roughness as the speed increases, and at the same 
time to call for an amount of advance which increases more or less directly with 
the speed. Under these circumstances we should very soon reach a limit to the 
speed at which the engine would operate. 
\ Fortunately, however, there are certain factors which do not necessarily 
remain constant, but which can change with speed in such a way as to increase 
the rate of the chemical reactions between the fuel and the air as the engine speed 
increases; it so happens that these factors are the ones which have the greatest 
influence, namely, compression temperature and turbulence. 


i] 
3 
>0:002 + 
—+-+4 
0-001 
28 
26 
24 
20 | 
S 18 
3 
T 
44 
212 [Delay | 
8 10 =e 
8 
6t-—- + ~ 


0 500. 1000 1900 2000 
R.PM. 
FIG. 25. 


Delay period in terms of crank angle. 


The increase in compression temperature with speed has already been dis- 
cussed, and although the figures quoted can only be taken as applying to the 
particular engine from which they were obtained, they illustrate a tendency which 
must be present, to some extent, in engines of all types. The more marked this 
tendency the greater will be the speed range of the engine. 

The turbulence also will increase with speed and will be more or less pro- 
portional to the speed. In engines which are designed to produce a definite 
form of turbulence, the turbulence will unquestionably increase directly with the 
speed, and the maximum speed at which these engines can be operated will, in 
consequence, be greater than that of those in which the turbulence has not been 
definitely arranged for. 

In Figs. 23 and 24 are shown two series of indicator diagrams taken from 
different engines (both, however, having the air as the moving body) over a speed 
range of from 500 to 2,000 r.p.m. These show very clearly how the delay period 
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changes as the speed increases. At first there is a steady increase in delay, pre- 
sumably because the increase in compression temperatures is insufficient to offset 

entirely the tendency of the delay to be constant in time. After a certain speed 
has been reached the delay occupies an approximately constant fraction of the 
cycle, which, of course, means a progressive decrease when measured upon a 
time basis. 
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Figs. 25 and 26 show the delay measured from Figs. 23 and 24 expressed 
in terms of crank angles, and also of time, plotted against engine speed, while 
Fig. 27 shows similar information obtained from vet another series of diagrams. 
These latter were taken from the same engine as the diagrams shown in Fig. 24, 
but after a slight change in design had been made in order to produce an increase 
in compression temperature. Here it will be observed that the variation in delay, 
measured in degrees, is very much smaller than in either of the other two cases. 

The foregoing remarks show how complicated is the problem of delay and 
how conflicting are the results which are obtained under different operating condi- 
tions. It is exceedingly difficult to separate the influence of any one factor 
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from that of others since it is practically impossible to change one factor 
without producing some change in at least one other. The whole question ot 
delay calls for a thorough investigation under laboratory conditions, and the 
author commends the problem to some enthusiast with the resources of a college 
laboratory at his disposal; it will provide him with much interest—and not a 
little exasperation. While it is a problem which greatly concerns the engine 
builder, it is very difficult, if not impossible, for those of us who are engaged in 
this work to find the time for the detailed scientific investigation which will be 
necessary before the problem is fully understood. 


Fuels and Engine Knock 


Very little experience with compression-ignition engines quickly brings home 
the fact that there is a vast difference between different fuels. In the same engine 
some fuels produce very much rougher running than others. This difference is 
not so marked between the fuels which are readily obtainable in this country, 
although even here there is room for a good deal of improvement. In certain 
localities, however, noticeably in Eastern countries, some of the fuels available 
give a great deal of trouble in this respect. 

If the theory is correct, that it is vaporisation which causes knocking, then 
the properties of an oil which will have the greatest influence upon its suitability 
as an engine fuel are the distillation curve and the ignition point. 

A fuel which has either a low temperature distillation range or a high igni- 
tion point will tend to vaporise to a greater extent than one with a somewhat 
higher distillation range or a lower ignition point. It may, therefore, be argued 
that a fuel of the former type will have a greater tendency towards knocking 
than one of the iatter type. 

On this assumption, it would appear that the relative positions on the tem- 
perature scale of the distillation range and the self-ignition point of the fuel might 
be expected to be one of the chief factors governing its suitability, or otherwise, 
as an engine fuel, and that those fuels which have their ignition point cither 
within, or not far removed from, the end point of their distillation range will be 
better suited than those which have a considerable temperature difference between 
these two points. 

Also, a fuel which has a high ignition point, or one which has a considerable 
residue when the final boiling point is reached, will be more liable to cracking 
than one with a lower ignition point or a relatively small residue. The products 
resulting from cracking have, in general, a higher ignition point than that of the 
original fuel; they will, moreover, appear in the form of vapour. Any marked 
tendency towards cracking may, therefore, be considered to tend towards 
roughness. 

The author has had the opportunity of testing a considerable number of 
different fuels, some good, some passable, and others very bad, as judged from 
the question of engine knock. All these fuels were subjected to a thorough 
examination as to their various physical properties. The ignition point was 
determined in air with the new R.A.E. apparatus. This apparatus gives a much 
greater difference between the ignition temperature of fuels than is obtained with 
the more usual Moore's apparatus, a difference much more in keeping with the 
actual results obtained under engine operating conditions. The information as 
to the ignition point and distillation range, together With the specific gravity, and 
a note as to the suitability of each fuel as judged from the point of view of 
knocking, are given in Table IV, while Fig. 28 shows the distillation curves and 
also the temperature in degrees C. which separates the final boiling point from 
the ignition point. 

The results obtained from engine tests agree very well with the suggestions 
just made, and show that the fuels which give good, or even passable, operation 
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have only a relatively small temperature difference between the final boiling point 
and the ignition temperature. Also the distillation curve is relatively flat and 
the residue is in general on the small side. 

From Fig. 28 and Table IV it appears that the fuels may be roughly divided 
into three groups. 

Group 1.—Those which have a low ignition point but which have a high 
distillation rate at low temperature and which may be classed as only moderately 
satisfactory. These are shown by a dotted line on the distillation curve Fig. 28. 

Group 2.—Those which have a low ignition point and a relatively low distilla- 
tion rate at low temperature, say, about 50 per cent. at 275°C. and which give 
good smooth running. These are shown with a full line in Fig. 28. 

Group 3.—Those which have a low distillation curve but a high ignition 
point, above 375°C., and are really thoroughly unsatisfactory on account of their 
very rough running. In addition, starting from cold is much more difficult, and 
operation under light loads is unsteady and sometimes difficult. These have a 
relatively large residue also, and are shown with a chain-dotted line in Fig. 28. 

There are certain exceptions to account for and for which some additional 
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No. 1 shows a very large residue, 48 per cent., but is an exceedingly smooth 
burning fuel and is well known in this respect. The difference in temperature 
between the final boiling point and the ignition temperature is only 29 degrees C., 
and this probably allows little chance for cracking. 

The members of Group 1 all show a small temperature difference between 
the ignition temperatures and the final boiling point and a small residue, but all 
have a very high rate of distillation at low temperature. No, 15, however, 
appears to belong to this group and vet gives exceedingly smooth running. — It 
thus appears that the shape of the distillation curve and the temperature difference 
between the final boiling point and the ignition point do not provide the whole 
story. The structure of the molecule, that is, its stability, will undoubtedly have 
some bearing on the subject. 

Apart from this, the conditions under which the fuel is called upon to work 
in the engine are vastly different from those under which the laboratory tests 
were made. 

The distillation curves shown were obtained under atmospheric pressure, 
but in the engine cylinder the fuel is subjected to a pressure of several hundreds 
of pounds per sq. in. during the period in which any vaporisation may be ex- 
pected to take place. 
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The effect of pressure is to raise the boiling point of a liquid, and under 
engine conditions, therefore, the distillation curve will be displaced on the tem- 
perature scale towards the ignition point, and may with some fuels possibly change 
in form at the same time. 

Also, the pressure is not constant but is steadily rising during the period 
immediately following injection. This rise in pressure will tend to check 
Vaporisation or even to cause re-condensation. This, however, will be offset to 
some extent by the temperature which is rising at the same time. 

It is thus in the highest degree probable that the distillation curve of a fuel 
will be very different under engine operating conditions from that which is ob- 
tained under atmospheric pressure in the laboratory. It is also possible that 
fuels from different crudes may not all be influenced in exactly the same manner. 

The ignition point, too, will most certainly be influenced by pressure. ‘The 
ignition point even at atmospheric pressure is by no means a definite figure. It 
is, indeed, very difficult to say just what the ignition point is because time enters 
very largely into the question. Strictly speaking, the ignition point of a sub- 
stance will be the minimum temperature from which oxidisation will proceed at 
such a rate that heat is generated faster than it is lost, with the result that 
ultimately the phenomenon known as burning takes place. The time interval will 
be considerable before inflammation takes place from this temperature, which will 
therefore be far too low to have any influence upon engine operation. As the 
initial temperature is increased, the time interval will steadily decrease, until a 
point is reached when ignition will be instantaneous. The temperatures given in 
Table IV as the ignition points are those at which a just perceptible lag made 
its appearance, and having been determined by observation are to some extent 
dependent upon the human equation. 

The rate of oxidation of most substances is accelerated by pressure, and fuel 
oils are no exception to this rule. The temperature at which instantaneous igni- 
tion occurs will thus be very materially reduced by the exceedingly high pressure 
found in the engine cylinder. Added to this, the fuel and the air are in a state 
of rapid relative motion, which ensures that the fuel comes into intimate contact 
with the oxvgen. 

The effect of engine operating conditions, therefore, is to decrease the igni- 
tion temperature and increase the distillation temperature. Thus fuels which 
under atmospheric pressure have an ignition point not much above that of their 
final boiling point may under engine conditions have an ignition point which 
oceurs quite early in the distillation range or possibly at a temperature even 
lower than that of the initial boiling point. 

Under such conditions it is not difficult to imagine that perfectly smooth 
operation would result, as it would be impossible for vapour to collect in suffi- 
cient quantities to form an explosive mixture, since ignition would take place 
almost as the vapour formed. 

In the case of a fuel which under atmospheric pressure has an ignition point 
well away from the end point of the distillation range, the relative positions of 
the distillation curve and ignition point will not be brought into such a favour- 
able relationship by engine conditions, and the chances of vapour forming are 
therefore greater. With such fuels, if an objectionable knock is to be avoided, 
either a much higher compression ratio, or some means for ensuring a higher 
compression temperature are necessary, 

Working upon the hypothesis that it is the relationship between the distilla- 
tion curve and the ignition point of the oil which determines its suitability, or 
otherwise, as an engine fuel, the suggestion at Gnce presents itself that by suitably 
blending representatives of Groups 1 and 3 a fuel having a distillation curve of 
form similar to that of Group 2 would be produced. The ignition point of such 
a blend would presumably remain somewhere in the neighbourhood of that of 
the member of Group 1, provided, of course, that the proportion of that member 
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was sufficiently great, and a fuel would be produced which should give a perform- 
ance comparable with the members of Group 2, or which would at least be 
materially better than that obtained with either of the original fuels. 

As an experiment fuels Nos. 2 and 10 (Table IV) were chosen, No. 2 as a 
good representative of Group 1, and No. 10 as the worst sample of Group 3 avail- 
able at the moment. 

A 50:50 mixture was first tried and with loads above 3olb. per sq. in. 
b.m.e.p. gave results which were far superior to those given by either of the two 
components separately. Below this figure, however, a considerable roughness 
was manifested, together with a tendency towards misfiring at no load unless a 
considerable increase in injection advance was provided. 

This performance indicated that a somewhat smaller proportion of No. 10 
was desirable. A mixture of go per cent. No. 10 and 60 per cent. No. 2 was 
therefore tried and gave very good operation at light loads with perhaps a trifle 
of roughness at the higher loads when the injection point was adjusted to give 
the maximum b.m.e.p. The operation was, however, superior to that obtained 
with either fuel separately. 

The physical properties of the blends, together with those of the original 
constituents, are shown in Table V, while the distillation curves are shown plotted 
in Fig. 29. From these it would appear that the distillation curves compare vers 
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Distillation curves of fuels. 


well with that of No. 4, a very good member of Group 2. The ignition point 
for both blends, however, is on the high side, being rather nearer the mean of 
the ignition points of the two constituents than that of the lower of the two. 
This latter point is somewhat disappointing ; the fact remains however that from 
a blend of two unsatisfactory fuels; a much more smooth burning fuel was 
produced. 

The indicator diagrams Fig. 30 show very clearly the difference in operation 
between this blend and that of the two original fuels. The three diagrams were 
taken at the same speed with the same weight of fuel injected per eycle and with 
the injection point set in cach case for maximum b.m.e.p. The difference in form 
of the combustion line produced by the blend is very clearly marked, the rate of 
pressure rise being materially less than that of either of the original fuels, and 
the maximum pressure is reduced also. The delay angle, which was 19 degrees 
with No, 10 and 7 degrees with No. 2 is 7 degrees with the blend, despite the 
fact that the ignition temperature of the blend is somewhat greater than that 
of No. 2. 

These results tend to confirm the correctness of the theory that it is vaporisa- 
tion of the fuel which causes the knock. It is not, however, suggested that this 
is the one and only cause; other factors such as molecular structure will possibly 
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have an influence, but the indications are that vaporisation is a very important 
factor. The theory is put forward as a basis for discussion and as one which 
should be well worth the while of the fuel technologists to investigate rather more 
deeply than it is possible for the engine designer to do. By blending it would 
appear that as much improvement may perhaps be possible in the case of fuel 
oils as has been found to be possible with petrols. 
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FIG. 30. 
Indicator cards from engine using blended fuel 
and the two original fuels. 


The vaporisation theory will also explain the action of certain ‘* dopes,’’ such 
as ethyl nitrate, which are known to have a smoothing effect upon the combus- 
tion of certain fuels. These dopes have the effect of materially reducing the 
ignition point of the fuel, and thus reduce the amount of vaporisation which can 
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FIG. 31. 
Influence of ethyl nitrate on ignition temperature. 


take place before ignition occurs. Earlier ignition also results in a decrease in 
the quantity of fuel present in the cylinder when combustion starts. Fig. 3 
shows the influence of small quantities of ethyl nitrate upon the ignition point of 
a certain fuel. The use of these dopes also proves that ignition point alone is 
not the deciding factor as to the smoothness of a fuel, as it has been found that 
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with some fuels a certain amount of roughness remains although the ignition 
point has been reduced below that of a fuel which gives perfectly smooth 
operation, 

In the present state of the art of high-speed compression-ignition engine 
design, much of the information obtained by different observers is of a directly 
contradictory nature, and it is quite unsafe to argue that because one type of 
engine behaves in a particular manner, another will behave in the same way. 
The number of variables is large, and their intluence, as yet, imperfectly under- 
stood, and it is only by a free and open interchange of experiences that a com- 
plete understanding will be arrived at, and if by touching upon some of these 
points and starting a discussion about them the paper brings any new light upon 
the subject, the author will be more than rewarded for his efforts. 

In conclusion, the author would like to express his thanks to Mr. A. T. 
Wilford, chief chemist of the L.G.O.C., for carrying out the examination of the 
numerous fuels referred to in the final section of this paper, and to the Associated 
Equipment Company, Ltd., for permission to utilise information obtained during 
the experimental work connected with their oil engine development. 


Discussion 


Dr. W. R. OrMaNnby (representing the Institute of Fuel), in opening the 
discussion, said: The author speaks of the value and importance of chemical 
analysis applied to the exhaust gases, but does not say under what conditions 
his samples were taken. Unless these are taken immediately in the neighbour- 
hood of the exhaust valve, and under such conditions as will cause the immediate 
chilling of the gases to prevent after-burning, the chemical value of the results 
is of comparatively little value. In the classical paper by Tizard and Pye, in 
its relation to the exhaust gases of a petrol engine, it is pointed out that, owing 
to the dissociation which occurs at high temperatures, the exhaust gases contain 
at least traces of CO and H, in a certain relationship, which relationship is a 
function of hydrogen/carbon ratio of the fuel being employed in the engine for 
the time being. It is quite possible that in a compression-ignition engine which 
always has an excess of air, these conditions may not obtain, and if, after 
adequate samples of exhaust gases are taken no CO and H, are found in these 
gases, it is evidence that the temperature, due to the excess air, is not high 
enough to bring about the dissociation that is almost inevitable in a petrol engine 
under full load. 

The author attempts to explain the relationship which exists between the 
distillation curve of a fuel, its spontaneous-ignition temperature, and its behaviour 
in a compression-ignition engine; but [ am convinced that there is something 
missing from his argument. Briefly, the air is compressed in the engine unti! 
it reaches a temperature at which the fuel will ignite automatically after a certain 
lapse of time, and therefore it is obvious that the temperature at which the oi] 
or its vapour is capable of spontaneous ignition is a vital factor. A difficulty 
arises, however, since the methods for the determination of spontaneous-ignition 
temperatures vary very greatly, and I find from records that Tizard gives the 
spontaneous-ignition temperature of chemically pure benzene as 370°C., Ricardo 
as 420°C., Holmes as 520°C., and Morrison as 561°C., which illustrates the lack 
of uniformity existing. However, the position is clarified by the fact that only 
relative figures are required with spontaneous-ignition temperatures, and although 
these—as determined by various types of machine—vary considerably, the ratio 
of the results obtained with any machine on a number of substances is practically 
constant. I suggest that it should be an essential condition that anyone who 
records these spontaneous-ignition temperatures should also determine the 
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constants of their instrument with a number of pure chemicals, so that other 
investigators can use their results for comparison. For instance, heptane in air, 
on my particular instrument, gives a spontancous-ignition temperature of 230°C. ; 
cyclo-hexane gives 350°C., iso-propyl-alcohol gives 445°C., and meta-cresol gives 
504 

The author refers to the influence of the volatility of the fuel, but I am 
sure that the oil companies can produce two samples of a gas oil for use in 
compression-ignition engines, one from a paraffin base oil and straight run, which 
would act admirably (since the oils which readily crack under the influence of 
heat give the best results in a compression-ignition engine), and the second a re- 
cycled oil, which would be of the same Engler curve, but partially cracked, 
containing aromatics, naphthenes, and unsaturateds, and this oil would behave 
entirely differently in the engine. I emphasise this because the chemical nature 
of the constituents of the oil is the thing which chiefly settles the suitability of 
an oil as a fuel. 

In igig the Shell Oil Company wisely commenced that research on the 
behaviour of pure chemicals contained in the lower boiling portions of petroleum, 
which resulted in the valuable work of Ricardo, Tizard, Pye, Kewley, and others, 
and work of the same nature in relation to fuels for compression-ignition engines 
is now required. Fundamental knowledge is lacking with regard to the behaviour 
of compression-ignition engine fuels in relation to their spontaneous-ignition 
temperatures, their boiling-point range, and their chemical or physical-chemical 
characteristics. | suggest to the author that, instead of taking the full distillation 
curve, he should take a small portion of it—some of the oil companies would 
provide what is termed a ‘‘ close cut ’’—and thus experiment with a portion of 
the oil which boils, say, between 200°C. and 205°C. Following this, portions 
about halfway up the curve and near the top respectively should be tested and by 
these means the problem of the variable volatility will be removed, leaving only 
the boiling point and the spontaneous-ignition temperature to be considered as 
variables. 


” 


The author has referred to the influence of what might be termed ‘ pro- 
knocks *? in contradistinction to ** anti-knocks.’’ In petrol, 3 ¢.c. of tetra-ethyl- 
lead gives the equivalent of roughly 30 per cent. of motor benzol in respect of 
anti-knock, which is an interesting point, because 3 ¢.c. of tetra-ethyl-lead does 
not have the same effect on one petrol as on another, i.e., the influence of the 
anti-knock is influenced also by the nature of the material upon which it acts. 
Something is required for the compression-ignition engine, however, which has 
the very reverse properties, namely, a substance which helps the material to burn 
rather than prevents it burning, acting as a pro-knock or an accelerator rather 
than as an anti-knock or decelerator. | have tried many scores of substances, 
and so far have found that the nitro-bodies are the best and that they are the 
more active the lower the molecular weight. [| have found that amyl nitrate is 
good, ethyl nitrate is better, and nitro-methane is better still, but tetra nitro- 
methane is the best of all. | have found that 2 per cent. of tetra nitro-methane, 
added to meta-cresol, reduces the spontaneous-ignition temperature by something 
like 100 degrees C. A similar amount added to ortho-cresol has half the effect, 
yet ortho-cresol is in all respects the same as meta-cresol, except that the OH 
group is in a different position on the benzene ring. From the many experiments 
which T have made with the nitro-bodies as pro-knocks on various types of 
chemical substances, one regularly alone has made itself evident, and that is 
that the action of the pro-knock first becomes of any moment when the body upon 
which it acts contains a double bond. These things are mentioned to show that 
the whole problem is very complex and points towards the necessity for a con- 
certed scheme of research dealing with the subject of the relationship of the 
constitution of a fuel to its behaviour in a compression-ignition engine. 
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Mr. D. R. Pye (representing the Royal Aeronautical Society) : This paper 
should, I feel, be read in parallel with that recently read by Messeurs Le Mesurier 
and Stansfield* on a closely related subject. I propose to speak on four points 
only: Firstly, the method of relating horse-power to the percentage of air con- 
sumed; secondly, fuel economy under light load conditions; thirdly, the effect 
of speed and load upon compression-pressures and temperatures ; and finally, the 
author’s theory of combustion. 


In connection with Fig. 1, I consider the author’s method of relating horse- 
power to the percentage of air consumed is an interesting and useful one; but 
it is apt to be a little misleading, because these straight lines assume a constant 
specific heat under all conditions of the gases in the engine, and this fact must 
be remembered when using such a diagram. From Figs. 4, 5, and 6 the impres- 
sion is gained that, as the amount of fuel injected per cycle is increased, the 
engine performance is shown by following up one of these straight lines as the 
proportion of fuel is increased. This would only be true if the mean specific 
heat of the cylinder contents were the same under all loads; but as the maximum 
temperatures must be ris’ng, that never will be the case. I think there is a great 
deal of experimental work by Ricardo and others in which it has been shown that, 
as the load on a compression-ignition engine is reduced—in other words, as 
the amount of fuel is progressively reduced—it is possible to maintain a practically 
constant brake thermal efficiency from full load down to half load. This means, 
of course, that the falling mechanical efficiency at less than full load is compen- 
sated by a rising indicated thermal efficiency. In a paper read before this 
Institution in 1927 by Mr. H. B. Taylor; it was shown that a decrease of fuel 
per indicated horse-power per hour from about 0.36 to 0.30 was obtained between 
full load and half load. Such an engine would, as the fuel was reduced, follow 
more nearly down a line of constant brake thermal efficiency and not indicated 
thermal efficiency. In other words, as the percentage of air used was reduced 
between full load and half load, the m.e.p. on diagrams such as Figs. 4, 5, 6, and 
7 would lie upon a line joining the full-load points with the point of zero b.m.e.p., 
and not zero i.m.e.p. The points would fall on successively steeper and steeper 
lines in Fig. 1. I can recognise that in the author’s engine it may not be 
advisable, on account of the necessity of getting smooth running, to obtain the 
maximum possible economy under light load conditions; but I think it is impor- 
tant to recognise that to maintain a constant indicated thermal efficiency is not 
the best that can be done, from the point of view of economy pure and simple. 


It is a little difficult to relate the author’s with other already published results, 
because although he states that the only justification for the existence of the 
oil engine is its high economy, I have failed to find a single figure in the text 
for the fuel consumption per horse-power. I am not suggesting that the 
author's engine requires any justification, but from a scientific point of view it 
would have added a great deal to the interest of these diagrams, and of the paper 
as a whole, if we could have had figures for the fuel consumption per horse- 
power in each case. 

Turning to the author's compression temperatures and pressures, I am struck 
by the magnitude of the change produced by varying engine speeds, and I would 
ask if any induction pipe was attached to the engine, because if so, the increase 
of compression-pressure with speed might very possibly have been at least in 
part due to a ‘‘ ramming pipe ’’ effect. This arises from a synchronism of the 
natural period of vibration of the air in the pipe at certain speeds, and it is 
significant, in that connection, that the increases of compression-pressure, as 
shown in Fig. 12, do not proceed at all regularly. Furthermore, it would be 


* See Proc. N.E.C.I. of E. & S., February, 1932, ‘‘ Combustion in Heavy-Oil Engines.’’ 
+ See Proc. I.A.E., Vol. XXII., p. 35. 
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useful to know exactly where the pressures were measured. These experiments 
were made on an engine with a separated-off combustion chamber, and the author 
states that during compression the air was forced from the main cylinder through 
a comparatively small orifice into the separate chamber, and it seems possible 
that there may have been some pressure-difference between the main cylinder and 
the combustion space, and that in consequence this large increase of compression- 
pressure, if it were measured in the main cylinder, might not have represented 
anything like the average pressure in the main cylinder and the combustion space. 
In that case it would be quite unsafe to calculate temperatures from pressures 
measured only in the main cylinder. It is important also to inquire how nearly 
all the air at the end of the compression is forced entirely through that orifice, 
and what proportion remains in the main cylinder, because if any considerable 
amount of air remains in the latter, then any calculations of temperatures from 
the observed pressure will be subject to very grave inaccuracies. 


Finally, 1 wish to comment on the author’s theory of combustion. It is 
commonly accepted that a long ‘‘ delay,’’ i.c., a long period before any appreciable 
pressure-rise occurs after the fuel has been injected, is to be associated with 
knock or shock. I think we can also agree generally that combustion, as the 
author suggests, can and should take place from the surface of the droplets, and 
that combustion certainly need not wait until complete vaporisation of the fuel 
has taken place. Further, it is agreed that an increase of compression tempera- 
ture and pressure facilitates rapid combustion and smooth running. I think it 
is usually found that fuels of a comparatively high volatility are less satisfactory 
than less volatile fuels, but at that point there will be considerable differences of 
opinion as to the importance of volatility. The first point I would stress is that, 
just as the chemical composition of the fuel in a petrol engine is of fundamental 
importance, so also in the compression-ignition engine we have to look further 
than the self-ignition temperature or volatility to find the controlling factors in 
combustion. In other words, the proportions in which the fuel consists of 
aromatics, naphthenes, and paraffins, will have a preponderating influence in the 
smooth running of the engine. Messrs. Le Mesurier and Stansfield, in their 
paper, in which they are dealing specifically with the question of delay, come to 
the conclusion that volatility has nothing to do with delay. That is not quite 
so contradictory of the present paper as it appears, because Messrs. Le Mesurier 
and Stansfield wish to prove that a short delay cannot be ensured employing a 
fuel of high volatility. The author would very possibly agree, but he suggests 
that a long delay and a fuel of high volatility will result in a rough running 
engine. 

From the paper | get the impression that the author speaks of detonation 
as being identical with that which we commonly experience as the knock of a 
compression-ignition engine. While these may, at times, be identical, I think in 
the great majority of cases they are not necessarily so. A real detonating con- 
dition is one in which the spread of the flame becomes so many times more rapid 
as to be something of an order altogether different from that of normal combustion. 
The knock in a compression-ignition engine, on the other hand, may, I suggest, 
be only the extreme form of a progressive increase in the normal rate of burning, 
which is not, however, anything of a different order, nor involving any sudden 
change in the type of combustion. 


Professor T. R. Cave-Browne-Cave: The author suggests that if there is a 
considerable quantity of fuel vapour present when ignition starts, the rise of 
pressure will be very sudden and a rough engine will result. In the experiments 
we made to burn hydrogen in the airship compression-ignition engines, we found 
that when developing a b.m.e.p. of 70 Ibs. per sq. in. we could introduce, with the 
induction air, hydrogen equivalent to 25 per cent. of the total fuel which was 
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being burned. The hydrogen should give the same effect as oil vapour, possibly 
in a more pronounced form, but we found that although an excessive amount of 
hydrogen produced high maximum pressures, the running with moderate quantities 
of hydrogen was delightfully smooth. When the b.m.e.p. was 60 Ibs. per sq. in. 
it was possible to use 60 per cent. of the total fuel in the form of hydrogen without 
exceeding a maximum pressure of 780 lbs. per sq. in. The apparatus which 
was available at the time these tests were made in 1926 was not such as to allow 
the phenomena to be carefully studied, but it may be worth while extending the 
tests which the author has already made, to include the introduction of hydrogen. 

In developing high-speed engines much attention is given to the performance 
at high power, but it is necessary to pay at least equal attention to running at 
reduced power and to idling and to starting. Mr. Ottaway has described what 
a large proportion of the damage done to petrol engines occurs during these 
conditions. In a compression-ignition engine the importance of considering these 
conditions is even greater. 

It is primarily important to ensure that the fuel which is injected into the 
cylinder does actually get burned. Any unburned fuel appears either as objection- 
able exhaust or strikes the cylinder walls and destroys lubrication, thereby causing 


excessive wear. These troubles are much more important than the loss of 
calorific power. At reduced power the excess air is amply sufficient ; volumetric 
efficiency is therefore unimportant. It is necessary, however, to take every 


means to ensure that combustion shall start promptly and shall proceed rapidly. 
For this purpose high air temperature is a most important factor. It can be 
achieved in two ways. ‘The cylinder must be kept at the optimum temperature, 
and this seems most simply achieved by the evaporative system of cooling. A 
temporary increase of Compression-ratio involves some complication and adds to 
the torque required to turn the engine when starting. A simpler way of attaining 
the same final temperature, although not such a great density, is to pre-heat 
the air. Fig. 8 shows that an initial air temperature of 4o°F. would, with a 
compression-ratio of 14: 1, give theoretically a final temperature of 1,250°abs. 
With a ratio of 20: 1 the final temperature would be 1,500°abs. If this tempera- 
ture is sufficient to give satisfactory starting, it could be obtained in an engine 
of 14: 1 compression-ratio by an initial air temperature of 140°F. When 
starting, or at low power, it may be difficult to supply the necessary heat from 
an air heater, but if the heat is derived from the direct burning of fuel in the 
intake air the quantity of fuel necessary and the amount of air consumed thereby 
is so extremely small that the oxygen content of the heated air would only be 
reduced from 23 per cent. to 22.6 per cent. It seems, on theoretical grounds, 
that when starting, the injection should take place at the top dead-centre when 
the maximum temperature is theoretically much greater than at the point of 
injection, when it is some 18 degrees earlier. 

The conditions when starting are, however, so subtle that it is very difficult 
to predict what are the most satisfactory arrangements to make. It seems, 
however, well to stress the importance of considering explicitly the conditions of 
starting and running at reduced power. 


Mr. L. J. Le Mesurier (representing the Institute of Petroleum Tech- 
nologists and the North-East Coast Institution of Engineers and Shipbuilders) : 
I entirely agree with the author’s broad statement that delay period plays a 
vitally important part in the successful operation of an engine. I also agree 
with his conclusion that high compression, by reducing delay, leads to a smoother 
running engine without, necessarily, introducing the disadvantage of a higher 
maximum pressure. 

In attempting to explain delay period the author, however, introduces the 
question of fuel volatility, which, in conjunction with the self-ignition temperature, 
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is suggested to be an important factor and with this I do not agree. A similar 
relation was once suggested between volatility and the knocking tendency of 
motor spirits, but this has long been shown to be non-existent. The cases where 
improvement in spirit volatility have been accompanied by higher anti-knock value 
are now known to be due to chemical change in the relative proportions of the 
various hydrocarbons following alteration to boiling range. A simpler and 
sufficient explanation of heavy oil behaviour scems to be possible on the same 
lines, delay being dependent on the following factors :-— 

(1) The temperature and pressure of the air into which the spray of fuel 

is injected. 

(2) The chemical composition of the fuel. 

While heavy oils cannot be examined chemically, even to the first approxima- 
tion of the certainty possible with spirit, it is usually found that a crude oil giving 
a spirit of high aromatic content produces Diesel fuel of long delay period which 
is liable to a high degree of combustion shock. Crudes giving a spirit with a 
high paraffin content produce short delay fuels with the least combustion shock, 
while naphthenic fuels produce intermediate results. 

There is no difficulty in preparing a range of fuels from a given crude which 
all have self-ignition temperatures of approximately the same value, but which 
have distillation ranges varying from that of a kerosene to that of a heavy 
cylinder stock, and which have almost identical delays in the compression-ignition 
engine. Since the kerosene fraction begins to distil at about 150°C., and has a 
final boiling point of under 300°C., while the cylinder stock does not commence 
to distil until a temperature above 4oo°C. is reached, the volatility effect is 
negligible, if indeed it exists at all. I would, therefore, prefer to hold to the 
theory that combustion starts due to a preliminary chemical reaction on the 
surface of the fuel droplet, leading to the oxidisation and formation of low self- 
ignition temperature compounds, the ease of formation of these depending on 
the chemical nature of the fuel. When rapid pressure-rise does occur, it is to 
be explained by the general combustion of nearly all the fuel then in the cylinder 
which has almost reached its self-ignition temperature, and only needs the 
impetus of a few local ignitions from more favoured droplets to burn vigorously. 

The results obtained from the blend of fuels 2 and 10, which is stated to 
give better running than either used alone, may be confused by the alteration 
made to injection timing. The retardation of injection means injection into a 
higher pressure and temperature, with delay reduction and smoother running. 
The differences noticed between the blends and the basic fuels as regards brake 
horse-power may easily be accounted for in an engine with a small air cell by 
the effect on spray spread of changes in fuel viscosity due to blending. 

Tests made on engines of several different types indicate that turbulence in 
itself has little or no effect on ‘‘ delay.’’ It may, however, have very important 
secondary effects, especially in engines with pre-chambers or air cells. In these 
there is usually some form of uncooled or only partly cooled throat, and change 
of turbulence has a marked influence on the amount of heat given by the hot 
metal to the ingoing air. It is the temperature effect which alters delay in such 
examples and not the rate of air flow. After delay is over, turbulence then has 
a direct effect, the rate of sudden pressure-rise increasing with increase of 
turbulence, which induces more rapid intermixing of burning and already unstable 
fuel particles. 


With reference to the effect of reduction in delay on maximum pressure, I 
hold the opinion that there is little real difference in the actual maximum pressures, 
even though the Farnborough indicator records show large differences, which 
would appear to be due to wave effects in the indicator passages. Thermo- 
dynamic considerations show that no important variations can exist, and tests 
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with indicator connections of various lengths confirm this. The Farnborough 
instrument is more etflicient for high-speed work than most other types of 
indicator, but it is dangerous to assume that the whole of its record is a perfect 
diagram of cylinder pressure conditions. 

Naturally, it is impossible for an author to deal in one paper with all the 
problems connected with high-speed compression-ignition engines, but the 
startling ability of an engine and its road performance in a vehicle as measured 
by ton-miles per gallon are of first importance. In both these respects a direct- 
injection system without air cell or pre-chamber should be superior as no 
adventitious aids are required for starting, and it should be possible to arrive at 
a better fuel economy owing to the elimination of throttling losses. I am not 
aware of any great difliculties with multi-hole sprayers, and it therefore seems to 
me that direct injection, combined with moderate turbulence, may eventually prove 
the most effective method of injection for high-speed engines. 


Mr. W. A. Tookey (representing the Institution of Automobile Engineers) : 
Mr. Pye has already said that the paper omits to give rates of fuel consumptions 
in connection with the diagrams, and | think that it is always important to realise 
the quantity of heat contained in the fuel present in the cylinder at each operating 
cycle, and with such knowledge to compare the b.m.e.p., Compression-pressure 
and combustion pressure and thermal efliciency obtained. I also agree with Mr. 
Pye as to the effect of the induction manifold upon the flow of air into the 
cylinder. This point is frequently forgotten, but it has a considerable effect upon 
the volumetric efficiency of each cylinder and thercfore, by affecting the com- 
pleteness or otherwise of the combustion of the liquid fuel injected into the 
cylinder, it frequently decides whether the exhaust from an engine smokes or 
smells little or much. 

Like the Chairman (Mr. Chorlton), I was concerned in the early days with 
the development of the gas engine. In those days we had to contend with 
varying temperatures, varying methods of ignition, differing mixtures of air with 
gases of unknown and inconstant composition, and it is much to be regretted 
that in those trying days we had no instrument comparable with the Farnborough 
indicator which experimenters of to-day find so invaluable. We are particularly 
indebted to the author for giving us for the first time a series of superimposed 
Farnborough diagram reproductions whereby we can see at a glance the varying 
characteristics of combustion and expansion curves for a whole series of com- 
parable experiments. I could wish he had gone a little further and had been 
able to give us exhaust or back-pressure curves, because I consider that we 
have to look at the back door of our engines almost as much as we do to the 
front door if we desire the utmost efficiency and reliability. 


Mr. H. D. Busu (representing the Junior Institution of [:ngineers) : There 
is only one reference in the paper to mechanical trouble, namely, cracking of 
the white-metal in the bearings resulting from Diesel knock. Since the moving 
parts are heavier than those of a petrol engine of equal size, the inertia forces 
will be greater which reduces the gas load on the piston at the commencement 
of the expansion stroke, but increases the bearing load at the commencement 
of the exhaust stroke, so it is difficult to realise how the failure can be attributed 
to Diesel knock. 


It has been the practice of some designers of compression-ignition engines 
to increase the ratio of crankpin to cylinder diameter from the 50 to 58 per cent. 
used in the petrol engine to 70 per cent. for the compression-ignition engine, 
which results in higher rubbing speeds and temperatures which have introduced 
difficulties. It has been found possible, however, to construct narrow bearings 
of special materials to stand up to the very high maximum pressures obtained. 
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One big problem in producing engines for commercial vehicles has been to 
ensure a clear exhaust over the entire speed range. The author states, and I 
presume he refers to the pre-combustion type engine, that the fuel is sprayed on 
to the walls of the combustion chamber and passes out with the exhaust in the 
form of soot. There is also to be taken into account, however, that the fuel 
will not be atomised equally under all conditions. There will be globules of 
various sizes, the larger will burn later, decompose under the high temperature 
and pass out into the exhaust in the form of soot, while the smaller globules will 
ignite and burn first, because, being smaller, they will first obtain sufficient 
oxygen to complete combustion. 

In an open-type combustion chamber, however, taking a chamber of 4}in. 
diameter, and an engine running at a speed of 2,000 r.p.m., the speed of penetra- 
tion of the fuel jet to reach across the cylinder in 15 degrees of crank angle is of 
the order of 280 ft. per sec., or over 190 m.p.h. Accordingly, it seems hardly 
feasible that the fuel could reach the walls of the combustion chamber. 

In connection with the maximum pressure due to ignition time-lag, I should 
like to know if the author has any experience with constant-pressure injection, 
and its effect on maximum pressures as compared with gradual pressure-rise 
injection. The problem of obtaining ignition immediately the fuel leaves the 
atomiser presents some difficulty when injecting a small quantity of fuel in about 
one and a quarter thousandths of a second, and in view of the fact I should be glad 
to know whether the author would entirely disregard the possibility of injecting 
the fuel early in the compression stroke and firing by hot-spot or other means. 

Mr. A. F. Evans: I am of the opinion that requirements will best be met 
by a combustion chamber that is designed to fit the spray, the form of the latter 
being that most efficient from the point of view of pulverisation. 


If this combustion chamber is really hot and the fuel is then introduced in 
a finely pulverised form, I think it is immaterial what fuel is used, and therefore 
I feel that questions of fuel volatility and ignition point are of secondary impor- 
tance. ‘This opinion is substantiated by the well-known fact that any combustible 
solid will ignite in a fraction of time if pulverised to a fine state. I consider that 
if this principle was kept in view it would materially aid development work. 


Mr. G. R. Hurcuinson (representing the Institute of Marine Engineers) : 
I wish the author had given some particulars of any researches he has carried out 
at the upper end of the b.h.p./r.p.m. curve, even although the problem may be 
considered to be more closely related to the fuel-injection equipment than the 
engine. The author suggests making the spray fit the combustion chamber ; 
why not the converse? 1 realise that this may not be casy with a_ poppet- 
valve engine, but a_ really efficient combustion chamber could be modelled 
round a conical spray in a two-stroke engine, and I think good results could be 
obtained without employing organised turbulence. 

The author refers to starting as being of secondary consideration, but I 
doubt whether this is the view of the sales side of his organisation or of the user. 
Easy starting should be complementary to good fuel performance, for it is 
generally found that a relatively inefficient engine is a poor starter. I consider 
that ultimately the open-combustion chamber will be the preferred type on the 
score of fuel performance, quietness of operation, and ease of starting. 


I agree with the author’s comments on compression-ratio, and consider 
that too many engineers tend to presume that high compression-pressures 
necessarily mean high maximum pressures, rougher running, and_ inevitable 
bearing trouble. Which form combustion chamber and fuel injection nozzle 
and pump has the author found to give the quietest running engine at idling 
speeds ? 
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It is of interest to quote that the Doxford opposed-piston heavy-oil engine 
has an almost spheroidal combustion chamber with hot walls, and its performance 
is very efficient from all standpoints—economy, power output, quietness, and 
flexibility. Would not insulated combustion-chamber walls in a high-speed engine 
prove advantageous ? 


Mr. H. B. Taytor: I am glad the author has brought out clearly the com- 
plexity of the problems involved and has emphasised how unsafe it is to dogmatise 
with regard to engines of varying designs. He has also shown that producing 
a compression-ignition engine means more than substituting in a petrol engine 
an injection valve for a sparking-plug. With regard to Fig. 4, I should be 
interested to know the speed and the type of combustion chamber of the engine 
that produces a b.m.e.p. of 120 Ib. with a very light colour in the exhaust, since 
the consumption of fuel must have been very low to have given a clear exhaust. 

The author states that compression-ratios should range from 13: 1 (min.) 
up to 16: 1 (max.), and I agree with him if his remarks are confined to ante- 
chamber engines, but I disagree if they apply to the open-chamber type, since 
there are many of these which will give good results with compression-ratios as 
low as 12: 1. Will the author state how he measured the exhaust temperature 
which he gives as approximately s500°C., because in any calculation based on 
exhaust temperature this should be the actual temperature of the gases at the 
moment of release; otherwise, due to the expansion that takes place and 
the other cooling effects, large errors are introduced? For example, if a pyrometer 
is used with a single-cylinder engine, the results represent the mean of the exhaust 
temperatures over the whole length of time, whereas in the case of the author’s 
calculations the actual temperature at the moment of release should be used. 


Mr. C. W. Vicers: ‘The author states that in his engine it is the first fuel 
injected into the combustion chamber which detonates, and bases his theory on 
this. ‘This is contrary, however, to my experience with the engine I have been 
running, as, if it is going to detonate at all, it only becomes noticeable when the 
load has been increased to 60 or 70 lbs./b.m.e.p. This seems to show that the 
fuel which detonates is much more nearly that which is injected last rather than 
first, and in my view this detonation is caused by the combustion of the first 
part as in the petrol engine. I think everyone will agree with me that the first 
part of the fuel injection diagram is exactly the same, whether the period is to 
be short or long, so that if the author’s statement is correct his engine should 
detonate as much when running light as on load. 


Mr. ‘T. Witrorp: A minor object of the work described in the paper was 
to compare the results of a number of laboratory tests on fuel oils with records 
of their behaviour in the engine itself, and thus to substantiate a method of 
predicting the value of an oil as a fuel. Only two of the numerous tests carried 
out, namely, the distillation range and the spontaneous-ignition temperature, 
appear to bear any relation to the performance of the fuel in an engine, and the 
fact that there is some relation between these two adds support to the author’s 
theory, and there is very little doubt in my mind that the chemical constitution 
of the fuel is the important factor. 


I thank Dr. Ormandy for his suggestion of preparing a reference curve for 
each particular apparatus, and | shall certainly do this for my own. I can con- 
firm his remarks on the extraordinary effect that ethyl-nitrate has on different 
types of fuels. On shale oi] 2.5 per cent. of ethyl-nitrate ‘‘ pulled down ’’ the 


ignition temperature by 25 degrees C., whereas with a coal distillate the same 
amount of ethyl-nitrate pulled it down by 140 degrees C. the actual spontaneous- 
ignition temperature being about 10 degrees below that of the untreated shale oil. 
Bench tests have not yet been carried out, but I think there is little doubt that 
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the doped coal oil will not prove a smooth-running fuel. Mr, Le Mesurier states 
that he considers that volatility has no influence on delay, but he argues from 
evidence gained with various volatility fractions from the same crude, and | 
would stress that the fuels referred to in the paper were obtained in every case 
from different crudes. All are different fuels and for this reason a comparison of 
specific gravity, volatility, and ignition temperature would perhaps show the 
relation between the fuels rather better. 

Having given the question of exhaust odour some consideration, I have come 
to the conclusion that it depends on whether the fuel is a good burning one or not. 
If a fuel can be burnt, it does not materially matter whether it is sweet or evil 
smelling in itself, the exhaust odour will be passable; but, on the other hand, if 
the fuel burns with difficulty, there will be an obnoxious odour. 


Mr. J. Kewrry: There are great differences in character between the various 
oils which are available for use in the compression-ignition engine, and to those 
oils that Nature has provided have now been added others produced through the 
medium of cracking processes, and it is possible that in the future further suitable 
oils will be produced by the application of hydrogenation processes. These facts 
show that much investigation lies ahead of the fuel manufacturers. I am 
interested that Dr. Ormandy and the author have touched on the subject of the 
great necessity for co-operation between engine manufacturers and the fuel oil 
producers, because only recently I approached the President of the Institution of 
Automobile Engineers and proposed, on behalf of the Institution of Petroleum 
Technologists, that steps should be taken as soon as possible to make such co- 
operation effective. 


COMMUNICATIONS 

Dr. L. R. UNpdERWoop wrote: The author states that ‘‘ turbulence is 
undoubtedly a factor influencing delay.’’ I think this statement is rather too 
sweeping, as the experiments of Ricardo on the sleeve-valve engine in which rates 
of swirl of from three to ten times the crankshaft speed were obtained, showed 
that there was hardly any change in delay, and some calculations | have made 
on the rate of heating of the oil droplets in engines having a speed range of 
from 500 r.p.m. to 2,000 r.p.m. confirm this result. It appears that swirl has 
little effect prior to ignition, but that after ignition has commenced it is an all- 
important factor. It also seems from Ricardo’s swirl experiments that the best 
results are obtained when the rate of swirl is such that all the air in the combus- 
tion chamber is caused to pass the oi] jet during the period of injection. 

I am glad that the author is of the opinion that the size of the oil drop has 
an effect on the delay period, as I made this suggestion in a theory of ignition 
lag based on considerations of the rate of heating of the oil drops recently pub- 
lished.* It is frequently argued that since the seat of combustion must be at the 
surface of the drops their diameter cannot be of any consequence as regards 
delay. The surface temperature, however, is governed to some extent by the 
mean temperature of the drops and varying the size must therefore change the 
rate of heating of the surface and hence vary delay for a given air temperature 
and density. 

In considering the factors governing delay I do not think that the author has 
sufficiently stressed the importance of air density. If the air supply to an engine 
is throttled the delay period rapidly increases, while the air temperature rises 
considerably. The longer delay must in this case be due to decreased air density 
and its effect must therefore be very considerable. This is also shown by the 


* See Proc. I.Mech.E., 1931, ‘‘ The Combustion of an Oil Jet in an Engine Cylinder.”’ 
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converse process of supercharging, in which the delay period decreases while the 
air temperature falls and the density becomes greater. 

It would have added considerably to the value of the paper if the author 
had included drawings of the combustion chambers of the engines from which 
indicator cards have been given. The form of the combustion head has a great 
deal to do with the delay period, as it largely determines the temperature of the 
air into which the jet sprays. The air temperature is not uniform throughout 
the combustion chamber, and I have encountered cases in which, while the mean 
gas temperature during delay seemed quite high enough to give a short injection 
lag, the measured lag was very long. This was found to be due to the air into 
which the jet directly sprayed being cooler than the mean gas temperature on 
account of the proximity of cooled surfaces. 

It would greatly help the study of the factors governing delay if experi- 
menters, when publishing their researches, would include measurements of the 
air temperature and density during delay, the size of the oil drops measured in 
free air, the injection pressure and particulars of the fuel oil used as these all 
have important effects. 


Mr. E. SHACKLETON wrote: The question of the engine weight when it is 
fitted in public service vehicles is a factor to be reckoned with; here the heavy 
oil engine does not show to advantage compared with the petrol engine, as it is 
not yet an easy problem to get the equivalent revolution speed of the petrol engine 
in the compression-ignition engine. 

We have to realise that to maintain good combustion of the fuel atomisa- 
tion and penetration must be maintained at their maximum, and this is no easy 
task when we consider the limited period in which the fuel injection and combus- 
tion must be carricd out. Another serious factor is that the heavy oil engine 
requires a large excess of air, and at high speeds there is every possibility that 
the engine will be ‘‘ air starved,’’ and, as suggested by Mr. G. S. Hutchinson, 
supercharging would appear to offer a solution. This emphasises the importance 
of scavenging, particularly at full load or at speed, as it is obvious that if the 
burnt products are not ejected the new working charge cannot be accommodated 
in the cylinders. 

Both designers and users will undoubtedly experiment with many fuels 
before deciding on the most suitable types. Gas or solar types of fuel normally 
give excellent results; most of these are semi-transparent and are free from 

still bottoms ”’ 


oT or black particles, their specific gravities varying between 0.860 
and 0.875, and their combustion being very uniform. On the other hand, certain 
types of engines give a better performance with oils of greater viscosity. 

In the old days of the gas engine industry considerable interest was devoted 
to a supposed condition in the cycle of operations in the gas engine known as 
‘* stratification of the charge.’’ Little proof was ever afforded that it practically 
existed in the gas engine, but it is by no means certain that it does not exist to 
an extent in the oil engine ; designers might well review the position. It is obvious 
that our knowledge of combustion in regard to fuel oils is limited, and to a large 
extent there can be little doubt that the combustion of fuel in an oil engine is not 
carried to finality. The compression-ignition engine principle, termed ‘‘airless 
injection ’’’ in the standard nomenclature, initiates combustion somewhat rapidly ; 
but if this initiation is too rapid the results are not ideal, and for this reason the 
full Diesel engine with air-blast injection had many advantages apart from im- 
proved pulverisation, the most important of which was the fact that the cold air- 
blast checked too rapid an initiation of combustion until other critical features 
were favourable. 

As in the old days of internal combustion engine development, the breech end 
of the compression-ignition engine appears to be the critical feature for develop- 
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ment. The ‘‘ forechamber ’’ pre-combustion design, credited to Brons, certainly 
gives flexibility to the combustion together with improved turbulence, but a 
review of stationary practice shows that the plain straight breech-end appears to 
be gaining most support. 

Water cooling of any compression-ignition engine should be carefully studied, 
particularly on or near the breech-end, where the atomisers are housed. If the 
housings are inadequately cooled there will be a critical temperature-rise reaching 
the atomisers and combustion is usually bad when this occurs. 

So far as the injection period is concerned, this may be slightly prolonged, 
but when combustion has once commenced, fuel injection cannot be continued 
without excessive wear of pistons and cylinder liners being set up. Another 
trouble caused by prolonged injections is the destruction of the lubricant on the 
cylinder walls by the high temperature of the burning mixture. It is worthy of 
note that generally the combustion of heavy oils gives little trouble in regard to 
sticky deposits on the cylinder walls, pistons, rings, etc., the greatest trouble 
being generally found with engines using refined petroleum, when, owing to bad 
combustion, that peculiar form of piston seizure is experienced known as ‘‘a 
combustion seize.” 

Mr. G. D. Borertace wrote: After experimentation I have doubts as to the 
advisability of relying on the so-called ‘‘ ignition temperature ’’ of a fuel for a 
reliable indication of its behaviour in an engine, because, on the whole, there is 
no correlation between laboratory tests and engine results, and, moreover, results 
with different sets of apparatus were often far from parallel and were even con- 
tradictory. I have investigated the possibility of comparing fuels by means of 
some ‘‘ pressure’? characteristic, but as the correlation was still absent it was 
decided that ‘‘ time ’’ (delay) was of primary importance. Delays in pots of 
different temperatures were found to vary from some hundredths of a second to 
more than half a minute, and realising that measurements of very short delays 
were desired, we decided that an apparatus was required combining the influences 
of temperature, pressure, and short delays. It was desired to take into account 
also the fact that in a compression-ignition engine the hot air is surrounded by 
relatively cold walls, that there is swirl, that the fuel is atomised, and that there 
is a certain percentage of exhaust gas in the compressed air. Finally, it was 
found that the most perfect apparatus for the purpose was the compression- 
ignition engine itself. 


In our laboratory the ‘‘ ignition quality ’’ of a fuel is now expressed directly 
in a ‘‘cetene value,’’ a standard comparable to the ‘‘ octane value ’’ of petrol. 
Cetene is a chemically pure check fuel and the method of test is described in 
Engineering.* It should be remembered that values of H.U.C.R. and octane 
numbers and not ignition temperatures are used to-day to define the properties 
of a petrol and therefore I suggest that ‘‘ ignition temperatures ’’ should be used 
with care for compression-ignition engine fuels. 


’ 


From a theoretical point of view the development of the petrol engine should 
be towards the attainment of higher compression-ratios and higher octane values, 
and thus towards higher power outputs, but it cannot be said that compression- 
ignition engine development should aim at the use of higher cetene value. Rather 
engine designers should work so as to make their engines insensitive, if possible, 
to ‘‘ ignition quality,’’ since this means less trouble for the same power output. 


Dr. S. J. Davies: I have come to the conclusion that it is extremely 
dangerous to generalise from one type of engine to another. Fig. 2 shows the 
curves which the author has obtained from a_ particular engine, and_ these 
demonstrate that the variation in maximum pressure with load is extremely small, 


| 
* See Engineering, November, p. 603; December, p. 687, 755. 
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but the curves shown in Fig. 32 demonstrate that with another type of engine 
the variation in maximum pressure with load is 30 per cent. This shows that more 
knowledge is required regarding the performances of different types of com- 
bustion chamber. 

I also consider that errors may be made in speaking as if the temperature 
in a cylinder is the same at all points. Mr. Le Mesurier gave his view that 
turbulence is primarily not important, and with reference to some types of com- 
bustion chamber I am inclined to agree with him, but what is important is the 
effect of turbulence on the distribution of temperature throughout the combustion 
chamber, particularly in relation to the meeting of the first particles of fuel with 
air at a temperature above the mean temperature in the cylinder. Later in the 
paper general conclusions in connection with the influence of load on delay have 
again been based upon data obtained from the combustion chamber used by the 
author ; and these will be different with combustion chambers of different design. 
ig. 32 shows that with another engine the influence is very small indeed. 
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I consider that the method by which the author has obtained the points given 
in Fig. 7 is very good. This Figure gives useful justification for the method I 
have used for some time of producing the curve backwards to give an indication 
of the mechanical losses of an engine. 


RepLy To DISCUSSION 


Mr. Dicksee, in replying on the discussion, said: Dr. Ormandy evidently 
looks on exhaust gas analyses from the point of view of the chemist rather than 
that of the engine designer. The chemist is naturally anxious to know just what 
arrangement of the molecules exists at any given moment during the cycle. The 
engine designer is, however, content as a rule to know just what ratio between 
fuel and air he has supplied to his engine, and to obtain this knowledge it is quite 
immaterial whether the combination has taken place inside the engine cylinder or 
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in the exhaust manifold. In the case of the exhaust from a compression-ignition 
engine, the temperature is normally so low that the effects of dissociation must 
be more or less negligible. Some measurements I made on a 6-cylinder engine 
gave a maximum temperature in the neighbourhood of 500° C. at high speeds, 
whereas at a temperature of 1,500°C. only a small amount of dissociation is found 
to take place (see Bjerrium’s figure quoted in the Empire Motor Fuels Committee 
Report).* 

It has been my practice to take samples as close to the exhaust valve as 
possible, partly to avoid the possibility, which exists in the case of single-cylinder 
engine work, of air being drawn into the exhaust pipe by the momentum of gases 
down the pipe. No special cooling arrangements were, however, provided for 
the collecting pipe. 

Dr. Ormandy criticises the suggestion that it is the relationship between the 
distillation curve and the self-ignition temperature which governs the performance 
of an oil in the engine, and suggests that there is something missing. It is not 
claimed that these two properties are the sole governing factors, and it is pointed 
out in the paper that other factors, such as molecular structure, will probably have 
their influence. A low self-ignition temperature alone is not enough to ensure 
satisfactory operation, nor is a suitable distillation curve. 


It is undoubtedly true that the time is coming when a thorough investigation 
is necessary into the question of fuels for high-speed compression-ignition engines. 
At the present moment, we are using fuels which have been marketed for entirely 
different purposes—slow-speed engines and coal-gas enrichment, and it is not at 
all surprising that there is room for considerable improvement. This, however, 
is more a problem for the fuel technologist than for the engine designer. The 
investigation which Dr. Ormandy outlines would be of great interest and value, 
but it is not properly the engine builder’s problem. We are attempting to produce 
engines which will operate on the fuels available. The oil companies must help 
us by attempting to produce fuels which will operate in our engines, and the result 
will then be that we shall meet halfway. Co-operation is essential. 

Mr. Pye takes exception to Fig. 1 on account of changes in specific heat. 
Without doubt the change in specific heat causes some of the departure from the 
straight line. At the lower values of m.e.p., however, the change must be very 
small, as it is found that below about 40-50 b.m.e.p. the curve is to all intents 
and purposes a straight line. Some of the improvement in indicated efficiency 
with reduced loads will be attributable to the lower maximum temperature reached, 
but probably more will be due to the greater effective expansion-ratio resulting 
from the fact that the heat is liberated at an earlier moment in the cycle as shown 
in Fig. 3. It is certainly true that the change in specific heat would make it 
impossible to produce an entirely straight-line diagram as shown in Fig. 1. 

His criticism of the omission of any reference to actual fuel consumption is 
probably justified. Fig. 4 is really an economy diagram, although expressed some- 
what differently from the commonly accepted method. The object of the paper 
was to discuss the problems rather than the ultimate results, but the addition of 
some test figures would no doubt add interest. Fig. 33 shows some consumption 
figures for high-speed engines plotted against both b.m.e.p. and i.m.e.p., and, 
as a comparison, some figures taken from the last two of the Marine Oil Engines 
Committee’s reports are added, and show very clearly that the high-speed engine 
does not lag far behind its big’ brother and is indeed far ahead in the matter of 
m.e.p. obtained. 

The idea that a ‘‘ ramming effect’? may be responsible for the increase in 
compression-pressure with speed is quite out of the question, as the total length 


* See Proc. I.A.E., Vol. XVIII., Part I. 
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of the induction system is only about 8in.—a length far too short to produce any 
ramming. Also, ramming to an extent which would produce this change in com- 
pression would enable an increasingly greater quantity of fuel to be injected as the 
speed increased, which is not found to be the case. Furthermore, the change 
found to take place with a change in load at a given speed could not be explained 
by ramming. The indicated diagrams were taken directly from the combustion 
chamber in all cases, i.e., with that part of the compression space into which the 
fuel is injected. Any suggestion that the increase is due to the difference in 
pressure required to force the gas through the orifice referred to is therefore 
ruled out. In any case, the orifice is of reasonable proportions, by no means 
comparable with that associated with the pre-combustion chamber system, and 
indicator-diagrams taken on both sides of the orifice have not revealed differences 
of pressure which are readily measurable on the Farnborough indicator. As 
much as possible of the air is forced into the combustion chamber, only that which 
remains in the necessary mechanical clearance between the piston and the cylinder 
head remaining outside ; about 80 per cent. of the air is passed into the combustion 
chamber. 
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As pointed out in the paper, the temperatures calculated can be considered as 
approximate only, and are also average values since appreciable differences in 
temperature may occur in different parts of the combustion chamber. The main 
object was to arrive at some idea of the magnitude of the variation in compression 
temperature under different conditions, and although only approximate, the 
various figures will at least have values which are relatively correct. 

Professor Cave-Browne-Cave suggests that the addition of hydrogen to the 
air during induction, as was done on the airship engine, should produce results 
similar to the production of fuel vapour. This is, of course, quite possible, but 
the statement that ‘‘ the running with moderate quantities of hydrogen was delight- 
fully smooth ’’ is, to say the least, significant, and would seem to agree with my 
statement ‘‘ should any appreciable quantity have been vaporised, a knock is 
inevitable. ’’ 


It is very doubtful whether starting conditions in a compression-ignition 
engine will produce the same results as to cylinder wear, etc., which are produced 
in a petrol engine. There is no condition in the compression-ignition engine 
which is equivalent to the use of the strangler when starting a petrol engine, and 
in addition, the fuel oil has a certain lubricating value which is wanting in petrol. 
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The use of evaporative cooling offers undoubted advantages for the com- 
pression-ignition engine, and I have found that water temperature has a marked 
influence upon the running of the engine, a water temperature of from go° C. to 
gently boiling giving the best results. 


Burning a small amount of fuel in the intake air is of great assistance when 
starting in frosty weather, but it is somewhat questionable whether transport 
managers would take to such a system as a regular method. We have put it 
forward, however, as one which may be resorted to in emergency. A small amount 
of a substance such as ethyl nitrate absorbed in a rag and held against the air 
intake will also produce results, presumably due to the vapour igniting early in 
the compression stroke and raising the compression temperature. 


In my experience, the injection should be set to the maximum advance when 
starting from cold. The duration of the time during which it is subjected to high 
temperature is thus increased and ignition made more certain. This may, how- 
ever, be one of the points which varies with different designs. 


Mr. Le Mesurier seems to have misunderstood the point as to volatility and 
delay. No claim is made that volatility influences delay in any way whatsoever, 
but that vaporisation which takes place during the delay is responsible for the 
knock. The extent of the delay is undoubtedly governed by the two factors 
which he quotes, but volatility will influence the conditions which exist at the end 
of the delay. It would he interesting to know whether the range of fuels he 
referred to gave equally smooth operation in the same engine. 


When carrying out the experiments with the blends of fuels 2 and ro, the 
injection setting used was the minimum amount of advance which gave the maxi- 
mum torque. Each fuel was therefore operating under conditions for maximum 
economy, and the differences in injection timing were governed by the 
behaviour of the fuels themselves and not by any other consideration. The actual 
difference in power is negligible, being only in the neighbourhood of 1 per cent. 


My own experience indicates that a reduction in delay does produce a reduc- 
tion, not only in maximum pressure, but also in rate of pressure-rise, and while 
this latter may tend to eliminate, or at least reduce, any wave effects in the indi- 
cator passage, all of the changes in maximum pressure which are noted when a 
change in delay is produced cannot be attributed to this cause. Pressure waves 
in the passage will tend to produce a very confused diagram towards the peak, 
and such a condition is certainly met with, but the well-defined pointed diagrams 
which are also obtained with high maximum pressures can only be produced by 
a general rise in pressure in the combustion chamber. 


Mr. Tookey’s points have in fact been answered when answering some of the 
other speakers, but in raising the question of exhaust stroke diagrams he has 
touched on the weak point of the Farnborough indicator. ‘The functioning of this 
indicator depends upon a changing pressure, with the result that where pressure 
is substantially constant, or changing very slowly, the indicator diagram 1s blank. 
Weak-spring diagrams leave so much to conjecture as to be of very doubtful 
value. The utilisation of some means of varying the air pressure very much more 
slowly than is permitted with the arrangement provided with the indicator might 
possibly result in more reliable weak-spring diagrams. 


Mr. Bush suggests that the greater weight of the moving parts as compared 
with those of a petrol engine will result in inertia force great enough to prevent 
any shock from the gas load from being transmitted to the bearings. This is 
unfortunately very far from being the case, as the difference in weight is small 
relative to the difference in pressure, and given the requisite rate of pressure-rise, 
a very considerable amount of shock will be transmitted to the bearings. 
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There is not the slightest doubt that fuel does, under certain conditions, 
reach the opposite wall of the combustion chamber, as a pattern is frequently 
found on the wall immediately opposite to the nozzle orifices. A mean speed of 
280 f.p.s. is nothing very extraordinary. An engine which has a nozzle with four 
holes 0.010 in. diameter and which takes 100 mm*. of fuel per cycle at full load 
injected over an angle of 20 degrees will have an average velocity through the 
orifice of just about 1000 f.p.s., so that the larger particle may easily retain 
enough energy to reach the opposite wall, which will be only about half the 
cylinder diameter distant. 

Constant-pressure injection is not suitable for engines which have a_ wide 
range of speed, since the time occupied by the injection of a given quantity of 
fuel will remain constant regardless of engine speed instead of the injection period 
eecupying a constant fraction of the cycle. 

The results of injecting the fuel early in the compression stroke and firing it 
at a late point in the cycle would result in complete loss of control over the rate 
of combustion. ‘The system is really that utilised in the old hot-bulb engine, where 
the m.e.p. had to be kept very low to avoid trouble, and is quite unsuited for 
high-speed engines. 

Mr. Evans evidently has not had much experience with some of the Eastern 
fuels, or he would not state that it does not much matter what fucl is used. It 
is certainly true that, provided that the temperature of the compression is high 
enough, almost any fuel may be made to fire. The mere fact that the combustion 
chamber walls are hot will not, however, secure this end; the hot surface must 
be so arranged that the air can absorb heat from it during the compression stroke. 
We must get away from the hot-bulb complex if we are to obtain a really high- 
speed engine as understood in the automobile and aireraft field. 


Mr. Hutchinson suggests modelling the combustion chamber round a conical 
spray. Unfortunately, there is no such thing as a conical spray under the 
pressures which exist in the combustion chamber, as an examination of the spray 
photograph taken by the Bureau of Standards, Washington, will reveal. 

I certainly never made any statement to the effect that starting was a 
secondary consideration. The statement was that where either an extraneous 
source of heat or some means of raising the compression-ratio is provided for 
starting’ purposes, starting conditions are of secondary importance in the selection 
of the compression-ratio. 

Insulation of the combustion chamber wall would undoubtedly be of assis- 
tance, provided that conditions were such that the air could pick up heat from 
them during the compression stroke. The reduction of heat-loss during com- 
pression would be of advantage, but the acquisition of additional heat during 
compression would be much more so, 

The curve in Fig. 4, which shows a b.m.e.p. of 120 Ib. per sq. in. with a 
light exhaust, was obtained from some figures supplied by Mr. Ricardo, and are 
from one of his single-sleeve-valve engines. This engine has a very high 
mechanical efficiency and the consumption is exceedingly good. 

Mr. Taylor must remember that the engines discussed in the paper have 
cylinder diameters of some four to five inches. Engines having large cylinders 
and running at lower speeds can be run successfully on a much lower compression- 
ratio than the small high-speed engines. At speeds of 300 to goo r.p.m. the 
delay period may be considerable in time, but only a small fraction of the 
injection period, and there is then only a small proportion of the charge within 
the cylinder when combustion starts. 

The exhaust temperatures used were those measured in the manifold of a 
six-cylinder engine. The influence of the residual gases is relatively small 


| 


786 C. B. DICKSEE 


with compression-ratios such as are used for compression-ignition engines, and 
any inaccuracy will not have any very large influence upon the final results. In 
any case, absolute accuracy is not claimed for the results obtained. 


Mr. Vigers states that he has found that detonation does not appear until 
after the load has reached 60 to 70 Ib, b.m.e.p., and that this goes to show that 
it is the last part and not the first part of the fuel to enter which detonates. I 
do not know the delay angle compared with the total injection peziod of Mr. 
Vigers’ engine, but it seems to me that at the lighter loads the delay angle 
exceeds the total injection angle, and that detonation results when more than a 
certain quantity of fuel has been introduced before combustion starts. Fuel 
which is admitted after combustion starts can have little opportunity to develop 
detonating conditions. 

Dr. Davies accuses me of twice committing the very fault which I have been 
at pains to avoid and against which the paper was intended to form a warning, 
namely, generalising from results obtained from one type of engine. With 
regard to the variation of maximum pressures with load, the statement in the 
paper is that it is frequently found that the maximum pressure remains unchanged 
over a fairly wide range of oad. I quite agree that under some conditions the 
maximum pressure changes considerably with load. The tendency towards 
roughness as the load decreases is a trouble pretty widely experienced on many 
different designs and is undoubtedly due to the reductions in temperature at the 
lighter loads, and Figs. 21 and 22 are intended to illustrate this point, and also, 
as pointed out in the paper, how complicated the whole question really is. No 
suggestion is made that the diagrams shown are representative of every type of 
engine. The diagrams shown by Dr. Davies in Fig. 32 apparently indicate that 
no isothermal period exists in the engine; but, being tracings, I am not able to 
judge for myself. The injection point also is omitted. I certainly should not 
like to claim that a delay which remained unchanged from full load to no load is 
an impossibility. 

I fully agree that a great deal more knowledge of the behaviour of different 
types of combustion chamber is necessary before we can generalise. Those of 
us who are engaged upon the manufacturing side have to take the shortest road 
to a commercially practical machine, and it is independent experimenters in Dr. 
Davies’ position upon whom we have to rely to compare and co-ordinate the 
information obtainable from our differing products. 

Mr. Shackleton is certainly right when he states that weight is an important 
consideration for engines fitted to public-service vehicles, but he does not seem 
to be aware of what has been achieved in the way of weight reduction in the 
latest types of engine. The weight per horse-power is now practically identical 
for both oil and petrol engines, and in the case of the engine built by my firm 
the weight is only 1414 Ib. complete with electrical equipment and vacuum 
exhauster for brakes, amounting to under 11 lb. per b.h.p., which compares 
favourably with petrol engines for similar service. As stated in the paper, 
rotational speeds of over 3,000 r.p.m. have been obtained without any signs of 
outrunning the combustion. I do not know what Mr. Shackleton means by a 
‘‘large excess of air.’’ The slow-speed marine engine appears to utilise only 
about 50 per cent. of the air available. The high-speed engine, however, can 
consume up to 85 per cent. without producing a dirty exhaust. It is much easier 
to obtain a good volumetric efficiency with an oil engine than with a petrol engine. 
Distribution and deposition of the fuel do not have to be considered, neither is 
there any carburettor to obstruct the intake, and the manifold can therefore be 
made as large as desired. The lower cylinder temperatures produce less heating 
of the air during induction, which again assists volumetric efficiency. It is 
certainly true that when starvation does occur the air only is affected and black 
smoke will result unless the pump setting is changed. 
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I agree with Mr. Boerlage that ignition temperature alone is not a measure 
of the suitability of a fuel. It is very difficult to reproduce engine conditions in 
any form of laboratory apparatus, as will be realised when the differences which 
are obtained with different types of engines are remembered. 


Mr. Boerlage’s experiments are of very great interest and value, and repre- 
sent a considerable advance in our knowledge. I would suggest that his 
throttling method would perhaps give an even better indication if, instead of 
throttling the intake, the inlet valve was so arranged that it could be closed at 
different points on the return stroke—thus returning some of the charge through 
the valve and so reducing the final compression pressure. 
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The Testing of High-Speed Internal-Combustion Engines 
By Arthur W. Judge. (Pitmans.) Second Edition. 42/- net. 


This book is a revision of an earlier edition and includes a certain amount 
of new matter, while certain portions of the first edition have been deleted as 
being obsolete. 

It deals with the testing of internal-combustion engines in a very compre- 
hensive manner and includes some details of the methods used for testing Rolls- 
Royce Schneider Cup engines as well as a description of the methods used for 
road testing of automobiles. 

It would be a much more useful work if greater care had been taken to 
ensure accuracy. For instance, in the curve given on page 12 the figures giving 
the compression ratios are incorrectly printed. On page 1g one is left to guess 
from the text the reason for the two different curves, A and B. Again, one is 
informed on page 104 that COAO, do not occur together in any mixture and on 
the next page it is stated that they do occur together at a particular mixture 
strength. 

Minor errors of this kind are numerous and have in some cases been carried 
over without correction from the previous edition. They are, when numerous, 
unpardonable in a work of this nature. 

The book contains a useful account of modern methods of engine testing 
with particulars of the instruments used, and in spite of the errors referred to, 
will be a useful reference work. ; 


The Strength of Materials 
By John Case, M.A. (Cantab).  30/- net. (2nd Edition.) 

This book is a new edition of this well-known work and differs from the 
orginal in that certain errors have been corrected, and also that the symbol w 
has replaced p to denote weight per unit volume. 

It deals with stress calculations from the general standpoint and there are 
only a few references to the special problems of this character which are met with 
in aeronautics, in fact there is no reference to the general theory of three 
moments given by Messrs. Booth and Bolas and simplified by Mr. A. Berry. 
There is also no reference to Mr. Southwell’s work on the subject of struts. 

Although these omissions make the work incomplete from the point of view 
of the aircraft designer, the book is beyond question one of the best that has 
so far been written on this subject and the aircraft designer will find that many 
of the miscellaneous stress problems that are met with in design are dealt with 
clearly and logically. 


It is a book which can be thoroughly recommended. 
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